Lysosomes of rat liver and kidney. by Dobrota, Miloslav.
LYSOSOMES OF RAT LIVER AND KIDNEY
A thesis submitted to the University of Surrey 
fo r the degree of
DOCTOR OF PHILOSOPHY
by
MILOSLAV DOBROTA
October 1983
Robens In s titu te  of Industria l and 
Environmental Health and Safety 
University of Surrey 
Guildford
ProQuest Number: 10798393
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10798393
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
To my children  
Sacha and Damian
ABSTRACT
Fractionation techniques, based on zonal centrifugation in density  
gradients, were developed fo r examining the heterogeneity of lysosomal 
populations and also fo r  the p u rifica tio n  of lysosomes from normal ra t 
l iv e r .
Small lysosomes of ra t l iv e r  were observed to be re la tiv e ly  rich in  
acid phosphatase w hilst larger lysosomes were richer in other enzymes, 
notably acid ribonuclease. Examination of acid hydrolase d istrib u tio ns  
amongst p a r t ia lly  disrupted lysosomes indicated that th is  'apparent' 
heterogeneity was due mainly to the membrane association of acid 
phosphatase. These observations were confirmed by morphology and by 
cytochemical staining fo r acid phosphatase. The heterogeneity could not 
..be attribu ted  to d iffe re n t populations of lysosomes orig inating  from 
d iffe re n t cell types of ra t l iv e r .
A large scale method fo r iso lating  60-fo ld  purified  lysosomes (from 
up to  200 g of l iv e r )  was developed. Lysosomes purified  by th is  method 
were u tilis e d  fo r raising anti-lysosomal antibodies. Examination of 
lysosomal proteins with the aid of these antibodies (by 
immunoelectrophoresis) and by SDS polyacrylamide electrophoresis indicated  
s ig n ifican t interchange between lysosomes and serum and b ile  but 
re la tiv e ly  l i t t l e  between lysosomes and related structures, such as the 
plasma membrane.
Fractionation of 'microsomes' from isolated hepatocytes and non- 
hepatocytes showed that the plasma membrane (PM) of non-hepatocytes has a 
much lower banding density than the PM of hepatocytes. These
observations partly  explain the heterogeneity of PM vesicles recovered in 
the microsomal frac tion  of whole l iv e r .
Lysosomes of the ra t kidney cortex were subfractionated in a 
systematic study, in order to examine and characterise the complete range 
of lysosomal populations with respect to th e ir  s ize, enzymic composition 
and possibly function. A rate zonal sedimentation method was developed 
to  provide a 'p ro f ile ' of lysosomes present in the classical 'ML' 
frac tio n . Small lysosomes, which were s im ilar in size to those of l iv e r ,  
were extremely heterogeneous in terms of enzyme d is trib u tio n s . The 
characteris tic  large lysosomes (protein droplets) of the kidney tubular 
cells  were well resolved from the small lysosomes and contained a d is tin c t  
complement of lysosomal enzymes. Subfractionation of kidney 'microsomes.' 
revealed that th is  fraction  contained a high proportion of small lysosomes 
which were also very heterogeneous. All populations of kidney lysosomes 
appeared to be involved in the uptake and degradation of a typ ica l low 
molecular weight protein which is reabsorbed from the glomerular f i l t r a t e  
in to the proximal tubule c e lls .
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CHAPTER 1
INTRODUCTION
l .a  THE LYSOSOME
i)  H istorical Background
The history of the discovery of lysosomes has recently been surveyed 
in great de ta il by Aterman (1979) and Bainton (1981). The milestones in 
the lysosome saga started in the 19th century when microscopists and 
cyto log ists , observing the uptake of dyes and food p artic les  into various 
c e lls , coined such terms as 'stomachs', 'food vacuoles', 'in tra c e llu la r  
digestive systems' etc . In 1913 Champy described granules in l iv e r  c e lls  
as 'lyosomes' and 'catalyosomes' and thus paved the way fo r the modern 
terminology. The a rriva l of the electron microscope in 1950 enabled the 
presence of small dense granules in a number of tissues to be confirmed. 
In 1955 de Duve and his coworkers, in a systematic study, fractionated  
cen trifu g a lly  a l iv e r  homogenate into classes of subcellular organelles of 
d iffe re n t sizes. By biochemical characterisation they showed that one 
p a rticu la r subfraction was enriched in acid hydrolases and therefore  
concluded that i t  contained 'ly t ic  p a rtic le s ' -  lysososmes. The same 
partic les  were id en tified  morphologically by Novikoff et al (1956). In 
the period 1954-1957 Straus and his coworkers showed that the kidney also  
contained lysosomes ( ‘hyaline d ro p le ts ') by a combination of morphological 
and subfractionation studies.
Thus the twin contributions from careful microscopical observation 
and the physical separation of a subcellular organelle from a tissue  
homogenate f in a l ly  confirmed the existence of a new subcellular organelle. 
This achievement led to a s im ilar systematic approach being used fo r  
v ir tu a lly  a ll  subsequent subcellular studies and i t  was indeed fortunate  
that technology (the electron microscope and the preparative  
ultracen trifuge) had provided such a d e fin itiv e  solution to id e n tify
s u b c e llu la r  components a f t e r  a prolonged s tru g g le .
The development of the concept of the lysosome as a d is tin c t  
organelle is c learly  associated with previously reported 'd igestive  
vacuoles', 'a c id . drop lets ' e tc . (N irenstein 1905, Volkonsky, 1934, e tc ). 
However, Golgi's (1898) 'in te rna l re tic u la r  apparatus', although of 
sim ilar vintage was a very controversial concept and was not c le a rly  
linked with lysosomes u n til much la te r , when electron microscopists 
examined the ce ll in more d e ta il. A fter noting the close relationship  of 
the Golgi apparatus, smooth endoplasmic reticulum and lysosomes and 
demonstrating the presence of acid phosphatase in both the Golgi apparatus 
and lysosomes, Novikoff (1964) coined the term GERL (G olgi, Endoplasmic 
Reticulum, Lysosomes) which in i t ia l ly  referred to a specialised part of 
the endoplasmic reticulum, closely associated with the Golgi sacs, and 
involved in the formation of primary lysosomes (Novikoff, 1976; Novikoff 
and Novikoff, 1977). Whilst being extremely useful in describing the 
lysosomal system, the term GERL is s lig h tly  misleading since many authors 
claim that primary lysosomes are formed from the Golgi sacs and not the 
endoplasmic reticulum (the d istinction  between these is probably only a 
question of d e fin itio n s ). I t  is , however, quite c lear that Novikoffhad, 
during the la te  1950's,. made a most s ig n ifican t contribution to the 
discovery o f the lysosome by morphological and cytochemical methods.
i i ) Current views
1. D ifferent types of lysosomes
A number of d iffe re n t forms of lysosomes have been defined in a 
single ce ll : primary lysosomes, secondary lysosomes and residual bodies. 
The various forms of lysosomes and associated organelles of a typ ical
mammalian c e ll and the interactions between them and the plasma membrane 
are il lu s tra te d  schematically in Fig 1.1.
-  Primary lysosomes These are newly made organelles each bounded by a 
single membrane, which have not fused with another organelle and whose 
digestive enzymes have not yet taken part in the hydrolytic degradation of 
foreign m ateria l. Experimentally these are observed to contain acid 
hydrolases (cytochemically) but no exogenous material such as rad io tracer- 
labelled endocytosable macromolecules.
Secondary lysosomes There appear to be two kinds of secondary 
lysosomes : heterolysosomes and autophagosomes. Heterolysosomes (also  
called heterophagic vacuoles, or phagolysosomes) are formed by the fusion 
of a primary lysosome and a cytoplasmic vacuole containing e x tra c e !lu la r  
material (endocytic vacuole or ves ic le ). Following fusion the acid 
hydrolases in the primary lysosomes are released into the newly formed 
vacuole -  the secondary lysosome. These do not necessarily remain as 
single organelles but may fuse with other secondary lysosomes or even 
s p lit  into two or more lysosomes. Thus lysosomal material may be read ily  
interchangable amongst the secondary lysosomes. Autophagosomes are 
formed when a vacuole formed in tra c e llu la r ly  (in  order to  engulf 
mitochondria, rough ER e tc .) fuses with a primary lysosome. A fter  
digestive processes have taken place th is  Tate phase secondary lysosome 
may be termed a digestive vacuole. Whilst the digested contents are 
mainly lo s t by d iffu s io n , the lysosomal membrane becomes an active  
component of the membrane recycling process with some movement via the 
exocytosis pathway and some to the Golgi apparatus [see l . d . i i )  and i i i ) ] .
Residual bodies When endocytosed material and contents of
autophagosomes remains undigested w ithin secondary lysosomes, these become 
residual bodies (also called dense bodies). In plants such structures
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Fig 1 • 1 '
Schematic representation of the lysosomal system, showing how primary 
lysosomes fuse with a number of structures deriving from endocytic/ 
phagocytic uptake and endogenous digestive sacs to form different types 
of lysosomes. Also shown are ’transport’ vesicles which start as 
endocytic vesicles but do not fuse with primary lysosomes. This, 
together with the formation of secretory vesicles and ’release’ of 
lysosomal material are, for convenience, shown as pathways of exocytosis. 
The processes shown in this scheme do not all necessarily occur in the 
same cell..
are called tonoplasts. The undigested material found in residual bodies 
is  well recognised by electron microscopists as : membrane w h irls ,
f e r r i t in  lik e  p a rtic le s , myelin figures etc. A common type of residual 
body is  the lipofuscin granule which contains undigested (peroxidised ) 
lip id  and is found in neural ce lls  (Koenig, 1964) and in l iv e r  
hepatocytes. These granules apparently s t i l l  contain some acid
hydrolases but are less basophilic than lysosomes. Residual bodies may
remain in the ce ll t i l l  ce ll death.
2. Formation of Lysosomes
Morphological observations of many cell types have led to  the 
generally accepted conclusion that lysosomes are formed as small vesicles  
which detach from the Golgi cisternae. The process is thought to be 
analogous with the formation of secretory granules (e .g . thyroid gland 
[Whur et a l , 1969], goblet ce lls  of the in testin e  [Neutra and Leblond, 
1966] e tc .) .  Indeed i t '  has been reported that the Golgi apparatus, in a 
number of ce lls  including hepatocytes, is capable of producing primary 
lysosomes and secretory granules from d iffe re n t regions of the Golgi 
cisternae (Bainton and Farquhar, 1966; Ehrenreich et a l , 1973).
Suggestions that in some ce ll types primary lysosomes may arise  by 
d ila tio n  and pinching-off of rough ER have not been substantiated by 
morphological evidence. The formation of lysosomes, with special 
reference to the packaging of lysosomal acid hydrolases is discussed in 
more deta il in Section l . d . i ) .
3. Function
From the e a rlie s t observations, i t  was postulated that ly t ic  and 
digestive vacuoles -  lysosomes -  were involved in catabolic processes.
Indeed the complement of acid hydrolase enzymes found in lysosomes [see 
Section l . b . i i ) 2 . ]  confirms that they are concerned with degradation of 
ex tra - and in tra -c e llu la r  m ateria l. There is no evidence to suggest that 
lysosomal enzymes are involved in synthetic or tran sfer reactions.
The enormous range of degradative functions which lysosomes of 
d iffe re n t tissues can perform, include :
1. Breakdown of damaged or 'worn out' in tra c e llu la r  components by 
autophagy or of endocytosed e x tra c e llu la r m ateria l.
2. Scavenging and processing of denatured proteins.
3. Reabsorption and catabolism of proteins f i l te re d  by the kidney 
glomerulus.
4. Breakdown of defunct red c e lls .
5. N utrition  as performed by phagocytic a c tiv ity  of many protozoa and by 
autophagy in cases of nu tritio n a l depletion.
6 . Breakdown of in tra c e llu la r  structures during ce ll d iv is ion .
7. Defence against invading bacteria and viruses.
8 . Removal of blood c lo ts .
9. Bone reabsorption.
10. Yolk digestion in embryonic development.
11. Sperm penetration of the egg by secretion of hydrolases.
12. K eratin ization of skin.
13. Possible physiological ro le in releasing vasoactive substances.
14. Possible involvement in transporting small molecules.
This range of lysosomal functions c learly  indicates that lysosomes of 
d iffe re n t ce lls  (or even one c e ll)  often have quite d iffe re n t functions. 
This has led to extensive discussions on lysosomal heterogeneity (see 
I . e . ) .  A few general trends have been noted. Cells which exh ib it a high
ra te  of phagocytic a c tiv ity  contain more lysosomes and have higher amounts 
of acid hydrolases per c e ll .  Lysosomes of d iffe ren t c e lls  have quite  
d iffe re n t complements of acid hydrolases. An extreme example of th is  is 
the lysosomal enzyme composition of 'professional' phagocytes which engulf 
and k i l l  bacteria. Such lysosomes, which, in the case of
polymorphonuclear neutrophils are called azurophil granules, in addition  
to acid hydrolases, also contain the superoxide generating enzyme 
myeloperoxidase and superoxide dismutase (Baggiolini et a l , 1969). More 
subtle differences in lysosomal enzyme composition can be found in the 
d iffe re n t ce ll types of one tissue. In the l iv e r ,  fo r example, 
hepatocytes contain re la tiv e ly  more glycosidases w hilst Kupffer ce lls  
contain more proteases and lipases. In the kidney the proximal tubule  
ce lls  contain small lysosomes and also large protein droplets which are 
s p e c ific a lly  concerned with protein catabolism (Maunsbach, 1976).
l .b  STRUCTURE OF THE LYSOSOME
i)  Physical characteristics
I t  is d i f f ic u lt  to describe a general structure since the 'lysosome' 
encompasses a whole spectrum of organelles in the lysosomal system. 
Mammalian lysosomes are said to vary in diameter between 0.15y and 0 .8y . 
However, Golgi vesicles, the precursors to primary lysosomes are only 
about 0.04y in diameter w hilst the largest autophagosomes or kidney 
protein droplets may be up to 3y. Thus the size range may be quite broad 
(80 fo ld ) and w ill depend on how we define 'lysosomes'.
The membrane of both primary and secondary lysosomes always appears 
on electron micrographs as a single layer. In primary lysosomes, i t  is  
often well defined w hilst secondary lysosomes ( i . e .  kidney protein
droplets) have a very th in , almost in v is ib le  membrane. The double 
membrane of autophagosomes changes to a single membrane sometime during 
the process of fusion with a primary lysosome. I t  is not c lea r why th is  
occurs but may be due to digestion of the inner bylayer or a rearrangement 
of the membrane structure. The membrane is apparently impermeable to  
most molecules greater than 200 mol.wt. (Reijngoud and Tager, 1977).
Lysosomes appear to have no recognisable in ternal s tructure . The 
in te r io r  morphology is sometimes described as granular but is thought to  
contain only a protein or a polyanionic lipoprotein  matrix (Koenig, 1969) 
which may serve as a binding network fo r acid hydrolases.
With the aid of indicator dyes, 19th century pathologists (c f .  
Aterman, 1979), showed that in protozoa, the in tra-vacuolar pH was ac id , 
quite irrespective of whether the vacuole was ac tive ly  digesting m aterial 
or not. The lysosomes of the lower eukaryots have since th a t time been 
shown to be very s im ilar to those of mammals. The classic  work of de 
Duve et al (1955) c le a rly  showed that the ra t l iv e r  lysosomal enzymes were 
hydrolases with acid pH optima. More recent observations ind icate  that
lysosomes have an active pump which maintains an acid pH in te rn a lly
(Schneider, 1981).
Although the 'lysosome* is  a well recognised organelle , i t  is not 
often realised th a t i t  may represent a very small proportion of c e llu la r  
volume and that there may be very few lysosomes per c e l l .  Morphometric 
analysis of l iv e r .c e l ls  (Blouin et a l , 1977), indicates th a t hepatocyte 
lysosomes occupy s lig h tly  less than 1% of the ce ll volume. However, in  
Kupffer ce lls  and endothelial c e lls , lysosomes occupy 13% and 7%
respectively. The large volume o f Kupffer ce ll lysosomes is  concomitant
with higher amounts of acid hydrolase and is  explained by th is  c e l l 's
considerable phagocytic a c t iv ity .
i i ) Chemical and enzymic composition
1. Lysosomal membrane
De Duve et al (1955) noted that lysosomes in v itro  were susceptible 
to disruption by mechanical and osmotic shock, detergent action and enzyme 
digestion. These conclusions were drawn from the d iffe re n tia l release of 
acid hydrolases from lysosomal preparations and lead to the concept of 
'la te n c y '. Since that tim e, extensive work on lysosomes has c le a rly  
indicated that the lysosomal membrane is fra g ile , although its  in te g rity  
in vivo is well maintained (Thines-Sempoux, 1973) most probably by 
constant renewal of newly synthesised membrane and by the membrane 
recycling processes.
The rea lisation  that the lysosome is an integral part of a dynamic 
system of in tra c e llu la r  membrane movement and fusion in ev itab ly  leads to  
the comparison of the lysosomal membrane (LM) with other membranes. Not 
unexpectedly, the LM has been compared with the plasma membrane (PM), 
since endocytic vesicles, composed essentia lly  of PM, fuse with primary 
lysosomes (Thines-Sempoux, 1973). However, i t  is essential to note that 
a ll  such comparisons are fraught with problems of p u rific a tio n . A 
lysosomal preparation, from a tissue such as l iv e r ,  pu rified  by any 
currently known method, is very heterogenous and contains membranes from 
Golgi vesicles, primary lysosomes, secondary lysosomes, autophagosomes, 
endocytic vesicles and other organelles. The chemical and enzymic 
p ro file  of such a preparation w ill therefore be a mean fo r that p a rtic u la r  
heterogeneous mixture, and w ill almost certa in ly  contain some PM. Thus 
the apparent s im ila r ity  between the LM and the PM (fo r  which much higher
p u rific a tio n  is possible) could be a ttrib u ta b le  to contamination. The 
ideal basis fo r comparison would be between the membrane of the primary 
lysosome and the PM, but that is quite impossible since the primary 
lysosome cannot yet be isolated in a pure state from a tissue lik e  l iv e r .  
Although the lysosomes of polymorphs (when not phagocytosing bacteria  
e tc .)  should by d e fin itio n  be primary lysosomes when iso lated from a 97.5% 
pure polymorph preparation they in fact contain a heterogeneous mixture of 
at least two lysosomal populations (Baggiolini et a l , 1969). A fra c tio n  
of rather low banding density isolated from pig homogenates (Badenoch- 
Jones and Baum, 1974a) and highly enriched in a number of acid hydrolases, 
could possibly contain some primary lysosomes.
A review of the lite ra tu re  does suggest that the lysosomal membrane 
appears to be s im ila r to the PM, in spite of the above reservations. 
Studies with very pure secondary lysosomes (tritosom es), obtained by 
pretreating animals with Triton WR-1339, have shown that chemically the LM 
has a composition s im ilar to that of the PM. Both are rich  in  
cholestero l, sphingomyelin, glycosphingolipids, glycoprotein and s ia l ic  
acid (Henning, 1973) whilst these components are re la t iv e ly  low in other 
types of membranes. The enzyme content of LM is somewhat d i f f ic u l t  to  
summarise; Cytochemical examination of the LM shows i t  to  contain acid  
phosphatase and also the classic PM marker enzyme 5 ' -nucleotidase  
(Wattiaux e t al 1978). Lysosomal membrane lo c a liza tio n  of 5 ' -
nucleotidase has also been reported by Widnell (1972) and by Morre et al 
(1973) but th is  cytochemical lo ca lisa tio n  cannot be confirmed by any 
subfractionation studies. Kaulen et al (1970) showed th a t the lysosomal 
5'-nucleotidase is not the same enzyme as that found in the PM. An 
in teresting  analogy between the lysosomal and plasma membranes is  the 
a b i l i ty  of iso lated lysosomes to 'endocytose' m aterial from the  
extralysosomal medium (Marzella et al_, 1980) and form intralysosomal
vacuoles. I t  is not known i f  th is  process occurs in vivo .
There is , however, conclusive evidence that the LM does contain some 
PM m ateria l. F irs t ly , by using anti-PM antibodies. Tulkens et al (1977) 
have elegantly demonstrated th a t some plasma membrane proteins are indeed 
localised in the lysosomes. More general, but somewhat less d ire c t,
evidence may be extracted from the comprehensive'studies on marker enzymes 
found in lysosomes and 'tritosom es' (de Duve et al , 1955; Tappel, 1969; 
Kaulen et a l , 1970) which show that lysosomes, in addition to the acid 
hydrolases, also contain other enzymes : a lka line  phosphodiesterase
(Erecinska et a l , 1969), leucyl $-napthyl amidase (Kaulen et a l , 1970), 
nucleotide diphosphatase (Wattiaux de Coninck and Wattiaux, 1969), etc. 
Since these enzymes appear to be located in the LM (they exh ib it no 
latency) and are also well established PM markers, one may speculate that 
the LM enzymes derive from the PM. Examination of PM and LM proteins by 
immunoelectrophoresis against anti PM and anti LM has also shown that 
these subcellular structures do contain common proteins (Berzins et a l ,
1975).
Primary lysosomes are currently  accepted as being formed from the 
Golgi apparatus (GA). Thus lysosomes and the GA are components of the
same endomembrane system and do indeed show some chemical and enzymic
s im ila r ity . Just lik e  the PM and LM, the GA membrane also has high 
amounts of sphingomyelin, s ia lic  acid e tc . The GA membrane also contains 
acid phosphatase which is  associated with the LM (M e rr itt  and Morre 1973) 
and some 5'-nucleotidase which is also found in small amounts in the LM. 
The presence of the classic endoplasmic reticulum (ER) marker, glucose-6 -  
phosphatase in  GA membranes, is  simply a re flec tio n  of the G olg i's  close 
association with the ER membranes.
Extensive studies on the perm eability of the lysosomal membrane have
been well summarised by Reijngoud and Tager (1977). F irs t ly  there
appears to be a permeability c u t-o ff at approximately £00 mol.wt.
Glycerol is more permeant than most monosaccharides, w h ils t most
disaccharides are impermeant (Lloyd, 1969). The perm eability of some
amino acids appears to be pH dependent (Lloyd, 1971) with lysine and
glutamine permeant at pH7 w hilst alanine and glycine appear impermeant
irrespective  of pH. However, some small d i-  and tripep tides  are possibly
permeant (Ehrenreich and Cohn, 1969). Uridine is reported to  be
s ig n ific a n tly  more permeant than glucose (Burton et a l , 1975). With
+ + -
salts  the LM seems to be re la t iv e ly  impermeant to Na , K and Cl
2+ 2+
(V e rity  and Brown, 1973) but permeable to Ca and Mg (Appelmans and
> 2+ de Duve, 1955J. The perm eability and thus accumulation of Ca in to  ra t
kidney lysosomes may be ATP dependent (Bunce and Wangli, 1977).
Unfortunately, no data is availab le  on the perm eability of the LM to  l ip id
soluble compounds. From its  composition (rich  in cho lestero l,
sphingomyelin etc) the LM would be expected to be at least as permeable as
the plasma membrane to such compounds.
A unique feature of the lysosomal membrane is the proton pump
mechanism responsible fo r the maintenance of an acid intralysosomal pH.
This pump is thought to involve a specific  Mg ATP'ase and possibly other
enzymes. The existence of the proton pump has been questioned by-
Reijngoud and Tager (1977) who claim that ac id ity  is  maintained by a Donan
equilibrium . They suggest th a t, w h ils t the lysosomal membrane is  
+ —
permeable to  H and OH (but re la t iv e ly  impermeable to  small cations) 
the inside contains in d iffu s ib le  negatively charged groups (basic proteins  
etc) which w ill maintain a low pH because they are in iso ionic  so lu tion . 
However, current evidence, notably the a b il i ty  of disrupted lysosomes to  
a c id ify  the incubation medium (in  presence of added ATP), strongly favours 
the proton pump concept (Schneider, 1981).
Numerous reports on the s ta b ilis a tio n  of the LM, such as the e ffe c t  
of Zn (P fe if fe r  and HinCho, 1980), indicate the in teraction  of the surface 
proteins with small molecules and macromolecules.
2. Lysosomal contents
De Duve and coworkers (1955) noted that lysosomes were t ig h t packages
of hydrolytic enzymes. This is of s ig n ifican t importance because a ll  the
c e ll 's  acid hydrolases appeared to be exclusively contained w ithin the
lysosomes. There are now more than 60 known lysosomal enzymes (B arre tt
and Heath, 1977); many of which have been characterised. Most of the
enzymes have acid pH optima although individual enzymes exh ib it s lig h t ly
d iffe re n t optima. An exception'to th is  is the neutral elastase (S tarkey,
1977) found in the azurophil granules of polymorphs. This enzyme is
released together with the other enzymes when neutrophils release the
contents of th e ir  azurophil granules. The elastase is well suited fo r
e x tra c e llu la r  action. A ll the lysosomal enzymes are glycoproteins with
s ia lic  acid residues (fo r  review see Strawser and Touster, 1980) which may
hydro
explain th e ir  resistance to Jlysis and thus the in te g r ity  of the  
intralysosomal enzyme complement. Acid hydrolases e xh ib it very wide 
ranges of s p e c ific ite s . Some lik e  the glycosidases are highly spec ific  
(B arre tt and Heath, 1977; Dean, 1975) as is  evident from the storage 
diseases (Hers and Van Hoof, 1973) where the lack of a single enzyme 
results in the accumulation o f a specific  sugar and residues with sp ec ific  
terminal sugars (eg Fabry's disease -  lack or in ac tiva tio n  of 3 -  
galactosidase enzymes; Gaucher disease 3 -glucosidase defic iency; 
Gangliosidosis or Hurlers disease -  3 -galactosidase deficiency;
Fucosidosis -  absence of a-L-fucosidase). Other lysosomal enzymes such
as some glucosidases, and many proteases may exh ib it rather broad
s p e c ific it ie s  (Dean, 1975).
Many of the acid hydrolases are present as m ultip le forms (see 
footnote). Acid phosphatase, the classic lysosomal marker, w ill cleave 
the phosphomonoester bond of any 3' or 5 '-nucleotide, cyclic  nucleotides 
and many other substrates. Lysosomal acid phosphatase is also known to  
exist in a number of m ultiple forms; l iv e r  is reported to have two forms 
(Igarashi and Hollander, 1968); rabbit alveolar macrophages have fiv e
(A xline , 1968); human prostate may have as many as 13 ( S u r l % Z ) e The 
varia tion  in these m ultiple forms of the enzyme appears to be due to the 
s ia lic  acid content (Campbell et a l , 1973) fo r treatment of the enzyme 
mixture with neuraminidase usually results in a single enzyme. Human 
spleen and l iv e r  N-acetyl 3 -hexosaminidase ('NAG') is s im ila r ly  found in 
two m ultip le forms which are reduced to one enzyme by neuraminidase 
treatment (Robinson and S t ir l in g , 1968). Many lysosomal enzymes are
present as m ultiple forms but curiously there appear to be very few true  
isoenzymes in lysosomes (Dean 1975).
Lysosomal enzymes also d if fe r  s ig n ifican tly  in th e ir  charge, showing
Koenig,
a wide variation in electrophoretic m obility (Goldstone andj^ 1973). 
Further evidence fo r th is  was provided by the concept of 's tru ctu re  linked
sedimentabili t y ' (Baccino et aj[, 1971), a s lig h tly  misleading term
describing the release of lysosomal enzymes (during tissue homogenisation)
[NB M ultip le  forms a ll proteins possessing the same enzyme a c t iv ity  and 
occurring naturally  in a single species. Isoenzymes - these m ultip le  
forms aris ing from genetically  determined differences in primary 
structure}.
and th e ir  reabosrption onto other membranes. The d iffe re n t proportions 
of enzymes which are found in the cytosol a fte r  tissue homogenisation were 
o rig in a lly  thought to be caused by d iffe re n tia l release, implying 
d iffe re n tia l lysosomal f r a g i l i t y .  I t  is  f a ir ly  certa in  that these 
differences are mainly due to the d iffe re n tia l reabsorption of the 
released enzymes, eg acid phosphatase (see Chapter 4 , Section e) and NAG 
are reabsorbed more readily than 3 -galactosidase (Baccino and Z u re tti, 
1975).
Internal morphology of the lysosomes indicates a homogenous but 
s lig h tly  granular appearance. The lysosomal matrix binding theory, 
proposed by Koenig (1969), states that the lysosomal enzymes and an acidic  
lipoprotein  (which may act as an in h ib ito r) are bound e le c tro s ta tic a lly  
much lik e  a cation exchange resin. In support of th is  concept electron  
microscopy of Triton (WR-1339) -  loaded lysosomes (Schellens, 1977) shows 
d is tin c t large heterolysosomes which contain the dense (acid phosphatase 
positive) intralysosomal protein squashed against the membrane. The 
protein is c learly  not 'in  solution' w ithin the lysosome but is associated 
with a f a ir ly  rig id  structure - the matrix.
Some acid hydrolases are not exclusively lysosome located. A good 
example of such an enzyme is 3 -glucuronidase which is found in  lysosomes 
and the ER in a range of mammalian organs. The m ultip le forms of th is  
enzyme have been reviewed by Dean (1975). Other acid glycosidases are 
also present in the cytosol of the ra t kidney (Robinson et a l , 1967; Price  
and Dance 1967; Pierce et a l , 1979). I t  is not c lear why the m ultip le  
forms have dual locations but th is  may be due to: d is tin c t enzymes (coded
by d iffe re n t genes); forms of the enzyme en route from the rough ER to  
the fin a l destination; the homogenisation causing release of enzymes in to  
the cytosol; the reattachment of released enzymes to other subcellu lar
structures, etc. A genuinely cytosolic location may provide the
hydrolytic a c tiv ity  fo r the catabolism of cytosolic proteins (Brigelow et
al 1981). The turnover of renal metallothionein in the cytosol (Webb,
1979) also supports the idea of extralysosomal macromolecule catabolism.
However, the slow turnover ( 1/  l i f e  is about 3.5 days) could also be
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handled by the autophagocytic engulfment of the cytosol compartment.
The contents of secondary lysosomes obviously do contain the products 
of hydrolytic reactions occurring within lysosomes. The existence of 
intralysosomal amino acid pools and th e ir  e fflux  is well documented (Ward 
and Mortimbre, 1978). I t  is not c lear how the e ff lu x , of hydrolysis 
products occurs, but the generally accepted impermeability of the lysosome 
membrane to molecules greater than 200 mol wt suggests that hydrolysis of 
macromolecules must proceed to completion before e fflu x  can occur 
(Badenoch-Jones and Baum, 1974b).
i i i )  Morphology and cytochemistry
Much of the present knowledge of lysosomes stems from careful 
electron microscopical observations of the lysosomal system in many types 
of liv in g  c e lls . This work, which is covered in comprehensive reviews 
(Hers and Van Hoof, 1973; Dingle and Dean, 1975; Holtzmann 1976; 
Novikoff, 1973), has led to the d efin itio n s  of the lysosomal system and 
has proved invaluable in the id en tific a tio n  of these organelles. The 
main c r ite r ia  fo r id e n tific a tio n  are morphological ch arac te ris tics , 
cytochemical staining of acid hydrolase a c tiv ity  and the presence of 
substances known to accumulate in lysosomes.
1. Morphology
The c lass ifica tio n  o f an organelle os a lysosome requires i t  to have
a single lim itin g  membrane (de Duve, 1969). This membrane is often seen 
separated from the matrix by an electron lucent halo (N ovikoff, 1973). 
In most ce lls  primary lysosomes are id e n tifia b le  morphologically by th e ir  
proximity to the Golgi apparatus (Novikoff, 1973) and th e ir  small size of 
approximately 70nm (Roth and Porter, 1964). Secondary lysosomes appear 
extremely heterogeneous in d iffe re n t ce ll types probably because of the 
wide differences in the c e llu la r  functions (Daems et a l , 1969). A widely 
accepted snag in the id e n tific a tio n  of lysosomes is the d i f f ic u lty  of 
distinguishing peroxisomes from lysosomes (Schellens, 1977). In order to  
distinguish such organelles, i t  may be necessary to resort to cytochemical 
techniques.
2. Cytochemistry
The biochemical id en tific a tio n  of lysosomes is based on the detection  
of acid hydrolase a c tiv ity . When such marker enzyme a c t iv ity  is  
determined cytochemically and the products of the reaction visualised by 
electron microscopy the id en tific a tio n  of lysosomes is p o sitive . This 
has proved to be the most valuable method in the id e n tif ic a tio n  of 
lysosomes (Novikoff, 1963, Livingston et a l , 1969, Holt 1974).
The most common enzyme used fo r the cytochemical staining of 
lysosomes is acid phosphatase. Although sodium 3 -glycerophosphate is  the  
customary substrate (Gomori, 1950; Bitensky and Chayen, 1977) 3 ‘ -  and 5 ‘ -  
nucleotides have also been employed with some success (N ovikoff, 1963; 
El-Aaser and Reid, 1969; O liver 1980). Acid phosphatase has a 
re la tiv e ly  low a f f in i ty  for 3 -glycerophosphate thus the cytochemical 
method requires high concentrations of extremely pure substrate. 
However, the enzyme has a high a f f in i ty  fo r nucleotides thus allowing  
shorter incubation times and more precise lo ca lisatio n . A less commonly
used enzyme, aryl sulphatase, is thought to be most suitable fo r the 
selective staining of lysosomes (Hopsu-Havu and Helminen, 1974). The use 
of peroxidase (Daems and Broderoo, 1973) as a cytochemical stain fo r
lysosomes is lim ited exclusively to the granulocytes and monocytes whose 
lysosomes are unique in having peroxidase in addition to the acid
hydrolases. Cytochemical staining is indeed the only way in which 
lysosomes of tissues lik e  liv e r  can be distinguished from peroxisomes, 
with any degree of ce rta in ty .
3. Accumulation of in e rt m aterials in lysosomes
This method of id e n tif ic a tio n , which re lie s  on the endocytic or 
phagocytic uptake of undegradable m ateria l, such as carbon, la te x , 
thoro trast, dextran, t r ito n  WR1339, iro n -so rb ito l, co llo idal gold etc . has 
two major lim ita tio n s . F irs tly  i t  can only be applied to c e lls  which are
strongly phagocytic, i . e .  l iv e r  Kupffer ce lls  w ill take up considerably
more of such material than w ill the hepatocytes. Secondly the method 
w ill only show up secondary lysosomes.
A very useful f a c i l i t y  of X-ray microanalysis, availab le  on modern 
electron microscopes, allows the detection of elemental composition with 
high resolution in the sectioned specimen. With th is  approach the 
cytochemical stain can be confirmed as containing lead deposits w hilst 
accumulated in ert materials such as thoro trast, iron and gold can be 
positive ly  id en tified  and visualised (de Bruijn e t a l , 1980).
l .c  LYSOSOMAL HETEROGENEITY IN MAMMALIAN TISSUES
The f i r s t  reported subfractionation studies on ra t kidney lysosomes 
(Straus, 1956) revealed that a single tissue contains d iffe re n t
subpopulations of lysosomes with d iffe re n t enzyme contents and banding 
densities. Much data is now availab le on the heterogeneity of lysosomal 
populations (Davies 1975; P erto ft et a l , 1978, Groh and Von Mayersbach, 
1981). Analysis and characterisation of various aspects of heterogeneity 
is  thus important to the understanding of the lysosomal system.
i )  Heterogeneity due to d iffe re n t ce ll types
In the liv e r  [whose c e llu la r  structure is shown in Fig 1 .3 , Section
l . e . i ) ]  th is  type of heterogeneity is  well documented and is seen both
morphologically and cytochemically. Morphometric analysis of the l iv e r
cell types and th e ir  subcellular structures (Blouin et a l , 1977) shows
th at non-parenchymal ce lls  (Kupffer and endothelial) contain about 10
times more lysosomes per ce ll than are found per hepatocyte. Careful
analysis of acid hydrolases (and other marker enzymes) on the isolated
cell types (Berg and Boman, 1973; Van Berkel et al_, 1975; Knock and
Sleyster, 1980) has confirmed q u an tita tive ly  that the three major ce ll
types of 1iver-hepatocytes, Kupffer c e lls  and endothelial c e lls  -  are
heterogenous with regard to th e ir  lysosomal enzymes (see Table 1 .3 , in
section e ). P lattner and Henning (1975) assayed acid hydrolases in the
whole l iv e r  and in isolated hepatocytes and observed that the hepatocyte
hydrolase a c tiv ity  was lower thus concluding that Kupffer c e lls  must have
higher a c tiv ity . Non-parenchyma1 c e lls , in contrast to hepatocytes, do
not appear to be enriched in lysosomes which hydrolyse terminal sugars of
glycoproteins but they do have a 6 - fo ld  higher capacity fo r hydrolysing
proteins and a 10-fo ld  higher capacity fo r cleaving lipoproteins and
1975;
lip id s  (Van Berkel et al,j^  Jansen et a l , 1978; Knook and S leyster, 1980). 
The endocytic a c t iv ity  for d iffe re n t types of macromolecules tends to  
re fle c t the enzyme d istributions amongst d iffe re n t ce ll types of the 
l iv e r ,  hepatocytes are involved in the breakdown of asialoglycoproteins
(Z e it l in  and Hubbard, 1982) w hilst only Kupffer ce lls  can bind and degrade
protein complexes such as in s u lin -a n ti-in s u lin  (Wagle et a]_, 1978).
Recently, Knook and Sleyster (1980) isolated parenchymal, endothelial and 
Kupffer ce lls  and showed q u an tita tive ly  that endothelial ce lls  generally  
contain considerably higher acid hydrolase a c tiv ity  than hepatocytes but 
s lig h tly  lower a c tiv ity  than the Kupffer c e lls . The endothelial c e lls  
also have quite a d is tin c t complement of hydrolytic enzymes suggesting 
that these ce lls  have a specific uptake/degradation function. These 
results raise the obvious question - can three d is tin c t populations of 
lysosomes be separated from the whole l iv e r  homogenate? Although careful 
ce ll separations have provided valuable data on the to ta l c e llu la r  acid 
hydrolase content, i t  has not yet been techn ica lly  feas ib le  to  
subtractionate these ce lls  and iso late  th e ir  d is tin c t lysosomes.
However, subfractionation studies on lysosomes from whole ra t l iv e r  
have also provided evidence fo r lysosomal heterogeneity. De Duve et al 
(1955) and Beaufay and de Duve (1959) noted that during frac tio n a tio n  by 
isopycnic banding acid phosphatase and acid DNase exh ib it d iffe re n t  
subcellular d istributions and thus may represent lysosomal populations 
from d iffe re n t ce ll types. Heterogeneous d istributions of ra t l iv e r  
lysosomal acid phosphatase and RNase were noted by Rahman et al (1967) and 
Burge and Hinton (1971). Fractionation of the kidney cortex (Straus, 
1956) c lea rly  demonstrated two or more d is tin c t lysosomal populations, 
w hilst the spleen was also shown to contain at least two lysosomal 
populations (Bowers and de Duve, 1967). In the brain heterogeneous 
distribu tions of acid hydrolases were also observed (Koenig, 1964). The 
heterogeneities noted in these complex organs were thus speculated as 
being due to the d iffe re n t lysosomal populations of the d iffe re n t ce ll 
types. However, the subfractionation studies alone do not provide 
conclusive evidence on th is  point.
Data indicating lysosomal heterogeneity of ce ll types should be 
viewed with some caution, p a rtic u la rly  in vascular tissues. Canonico& 
Bird (1970) found two d is tin c t populations of lysosomes in skeletal muscle 
but concluded that only one was d e fin ite ly  of muscle o rig in . The second 
population was attributed  to contaminating macrophages which represented 
less than 1% of the tissue mass. Thus, c learly  i f  macrophages, which are 
extremely rich in lysosomes, are present in a tissue , even in small 
amounts, they w ill contribute a disproportionally high acid hydrolase 
a c t iv ity .
i i )  Heterogeneity in one ce ll type
Cytochemical examination of leucocytes (Bainton and Farquhar, 1966) 
revealed that these ce lls  possess specialised lysosomes, called  azuraphil 
granules, which contain acid hydrolases and peroxidases and a d is tin c t  
population of lysosomes with a d iffe re n t acid hydrolase complement.
Baggiolini et al (1969) subfractionated leucocyte lysosomes and noted 
four possible populations. As well as the azuraphil granules (banding 
density 1.26 g/ml) he noted a small granule containing mainly a lka lin e  
phosphodiesterase and lysosome and membranous sacks (a t 1.14 g/m l) 
containing acid phosphatase (active  towards pNPP but not $ -  
glycerophosphate). He also found lysosomes (a t 1.20 g/ml) which 
contained a ll the acid hydrolases but concluded that these were possibly 
of macrophage orig in  since the leucocyte preparation was only 97.8% pure.
Isopycnic banding of lysosomes from cultured hamster fib ro b las ts , 
(MiIsom and Wynn, 1973) showed heterogeneous enzyme d istribu tions  with  
acid phosphatase and RNase at a lower banding density than Cathepsin D and
aryl sulphatase. Two species of lysosomal organelles in cultured human
skin fib rob lasts  were described by Rome et al (1979a),
An elegant approach to studying lysosomal heterogeneity in one ce ll
type was adopted by P ertoft et afl_ (1978). Labelled 1125-
asialoglycoprotein, which is taken up exclusively by hepatocytes, was 
in jected and its  fa te  and association with lysosomal populations was 
followed by subfractionation of the l iv e r  homogenate. The labelled
m aterial f i r s t  appeared in lysosomes of low density but was subsequently 
degraded more rapid ly  in heavy lysosomes. The authors concluded that the 
lig h t lysosomes increase in density during the degradation process. I t  
is also possible that the change in density was caused by the tran s fe r of 
asialoglycoprotein from one class of lysosome to another type of lysosome.
Heterogeneous d istrib u tio n  of lysosomal hydrolases between d iffe re n t  
regions of the l iv e r  lobule has also been noted. Groh and Von Mayersbach 
(1981) showed cytochemically that acid phosphatase positive lysosomes are 
more or less uniformly spread throughout the liv e r  but those containing s - 
glucuronidase and 3 -galacta5 idas.es are located at the periphery o f each 
lobule.
i i i )  Heterogeneity in a single ce ll
The primary intention of c lassify ing  th is  type of heterogeneity is to
examine the po ss ib ility  that a single ce ll species may contain 
functionally  d iffe re n t lysosomes.
Numerous electron microscopists have noted that d iffe re n t types of 
lysosome are often seen in a single c e ll .  The 'p erican a licu la r dense 
bodies' described by R ouiller (1954) showed considerable varia tion  as did 
the same structures la te r  examined by Novikoff et al (1956). 
Cytochemical staining for acid phosphatase has revealed positive reactions 
in many d iffe re n t 'lysosomal' structures including : neurons (Holtzmann et 
a l , 1967), rabbit myelocytes (Cohn and Fedorko, 1967), ra t was deferens 
(Friend and Farquhar, 1967), ra t hepatocyte (Groh and Von Mayersbach, 
1981). A new species of lysosome id en tifie d  in leucocytes (Shannon and 
Zellmer, 1981) is suggested to be possibly functionally  d iffe re n t from 
normal granules. The p o ss ib ility  ex is ts , however, that the substrate 
used fo r the cytochemical stain (Trimetaphosphate) is not s u ff ic ie n tly  
specific . Light and dark lysosomes of the kidney proximal tubule c e lls ,  
described by Neiss (1983) could represent functionally  d iffe re n t lysosomes 
but th is  is by no means certa in . In conclusion i t  seems that the 
evidence fo r functionally  d iffe ren t lysosomes existing in the same ce ll is  
rather scanty. Thus some of the heterogeneity may well be due to the 
dynamic turnover of the lysosomal process (see below).
iv ) Heterogeneity of the lysosomal turnover
The heterogeneity observed in a single ce ll is obviously re lated  to  
the dynamics of the lysosomal process. The formation of secondary 
lysosomes has been demonstrated morphologically and by frac tio n a tio n  
studies on lysosomes whose densities have been perturbed by the uptake of 
many exogenous structures. Thus at any one time a ce ll may contain  
apparently d iffe re n t types of lysosomal populations, the proportions of
which are determined by a number of factors.
N utritional factors have been shown to a ffec t the l iv e r  lysosomal 
enzymes, with 2 -7 -fo ld  increases in a c tiv ity  occurring during starvation  
(Desai, 1971). Other workers (Harikumar and Ninjoor, 1979) however, 
found no s ig n ifican t increases in 'to ta l '  acid hydrolases on starvation  
but only increased levels of 'fre e ' enzymes. They also found that in  
starvation (a fte r  5 days) the equilibrium  banding densities of lysosomes 
were reduced from about 1.20 to  1.17 g/ml. Moreover, on frac tio n atio n  
lysosomes containing aryl sulphatase, Cathepsin D and acid RNase were 
found to be unimodal w hilst those containing acid phosphatase, NAG and $- 
galactosidase were bimodal with the new peak appearing at the low density 
of 1.06 g/ml. Perfusion of l iv e r  with a medium depleted in amino acids
resulted in higher protein hydrolysis and turnover (Ward et a l , 1977). 
Increased protein uptake also resulted in the formation of heavy dense 
lysosomes which rapidly disappear when the liv e r  is perfused with amino 
acids, plus in su lin . These observations would imply that a regulatory  
mechanism may exist fo r lysosomal a c t iv ity . These enzymic changes are 
consistent with morphological observations of starvation mediated increase 
in autophagocytosis in a number of tissues (Pontremolli et a l , 1976; 
Novikoff et a l , 1964, Swift and Hruban, 1964) and in the formation of 
large heterolysosomes (Canonico and B ird, 1970). Possible regulatory  
mechanisms of these changes have been discussed by Wells e t al (1981).
Lysosomes of the l iv e r  also exh ib it a circadian varia tion  of the
enzyme a c tiv ity . This is p a rtic u la rly  in teresting  since acid phosphatase
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and 3-galactosidase exhib it quite d iffe re n t variation  patterns (Groh and/ 
Mayersbach, 1981). Thus at any one time the lysosomal populations vary 
at d iffe re n t times of the day in addition to  'normal' variations caused by 
metabolic and other s tim u li.
v) Heterogeneity of intralysosomal enzyme d istributions
Classical subfractionation studies with d iffe re n tia l pe lle tin g  of the 
ra t l iv e r  showed that d iffe re n t acid hydrolases varied in th e ir  
distributions amongst the larger granules, microsomes and the cytosol. 
Such differences may be caused by variations in homogenisation 
conditions, eg vigorous homogenisation w ill resu lt in a higher proportion 
of membranous organelles (lysosomes, etc) being recovered in the 
'microsomal' fraction  and more of th e ir  content being recovered in the 
cytosol. Fractionation studies also showed d iffe re n tia l latency
(Goldstone and Koenig, 1973) and thus indicated that acid hydrolases may 
vary in th e ir  subcellular d is trib u tio n  (lysosomal association). The 
distributions of acid phosphatase and 3-glucuronidase are known to d if fe r  
from those of other lysosomal enzymes (Davies, 1975) although the 
glucuronidase anomaly may be due to a 'microsomal' (or ER) enzyme (de Duve 
et a l , 1955). C learly homogenisation of the tissues disrupts some 
lysosomes so that d iffe re n t amounts,of the lysosomal enzymes appear in the 
cytosol. With acid 3-glycerophosphatase (de Duve et a l , 1955) and NAG 
(Price and Dance 1967) lower amounts of the enzyme appear in the cytosol 
than is  the case with other lysosomal hydrolases. Thus they seem to be 
more membrane associated, as has indeed been suggested fo r  acid 
phosphatase (S Ioat and A llen , 1969; Baccino et a l , 1971). From the high 
recovery of NAG in microsomes th is  enzyme might be described as 
microsomal. However, Price and Dance (1967) noted that the microsomal 
NAG is associted with ribosomes and not with microsomal membranes. This 
would suggest that in v itro  binding of released NAG is  the reason fo r its  
microsomal association.
im s  type ot necerogeneicy is  p a rtic u la rly  wen 11 Iustratea Dy worx 
on disrupted lysosomes. Thines-Sempoux (1973) suggested that the enzymes 
of disrupted Tritosomes were d istributed  between the soluble and
sedimentable fractions. Baccino et al (1971) showed th a t, of the acid 
hydrolases examined in normal lysosomes, acid phosphatase appeared to be 
most strongly membrane-associated w hilst 3 -galactosidase was apparently 
least membrane-associated. Results presented in th is  thesis support the 
view that acid phosphatase is membrane associated (Dobrota et a l , 1979) 
and thus represents a specific kind of heterogeneity.
v i ) Apparent heterogeneity due to m ultip le forms of acid hydrolases
A number of individual lysosomal enzymes exist in m ultip le forms. 
Those m ultiple enzymes are probably due to the physicochemical 
modifications of acid hydrolases during synthesis and in tra c e llu la r
transport and intralysosomal in teractions. The m ultip le forms of 
lysosomal enzymes have been discussed by Barrett and Heath (1977) and Dean 
(1975). Current views on the synthesis of lysosomal enzymes indicate
th at mannose and other residues are attached and removed during the 
transport of the enzyme from the polysome to the primary lysosome [ see 
Section l . d . i ) ] .  Goldstone and Koenig (1974) showed that the 
carbohydrate turnover of lysosomal proteins in the ra t kidney is  fa s te r  
than the amino acid turnover suggesting that the carbohydrate moiety is 
responsible fo r the variations. The carbohydrate content (in  the form of 
N-acetylneuraminic acid, N-acetylglucosamine, mannose, glucose e tc .)  and 
degree of membrane association are responsible fo r  the variations in  
charge and s o lu b ility  respectively. A very comprehensive study of 
in tra c e llu la r  processing of ra t l iv e r  3 -glucuronidase (Tsugi and Kato, 
1977) has indicated that the number o f m ultip le forms (a t least 13) are 
indeed due to the transformation of the enzyme from the s ite  of synthesis, 
via the Golgi apparatus to the lysosome. I t  is suggested th a t the 
‘microsomal1 forms may represent 3 -glucuronidase which has been secreted
and reabsorbed by endocytosis. These studies on in tra c e llu la r  transport
should exh ib it a dual lysosomal and microsomal location, w hilst another 
enzyme ( i . e .  3 -galactosidase) is  exclusively lysosome located.
Such differences point to functional differences amongst acid hydrolases.
The heterogenous subcellular d is trib u tio n  of commonly assayed 
lysosomal marker enzymes, such as acid phosphatase, NAG, 3 -galactosidase, 
3-glucuronidase etc . may be p artly  due to the assay of a number of m utlip le  
forms of the same enzyme a c tiv ity . The d iffe re n t forms which are 
assayed, as a single enzyme, may well have d iffe re n t subcellular 
associations thus indicating an overall heterogeniety. Liver or kidney 
aryl sulphatase exists in 3 forms : A, B and C (B arrett and Heath,1977). 
C has an a lka lin e  optimum and is microsomal w h ils t A and B are 
lysosomal. However, the assay fo r the A-B group may also detect some 
sp illo ver C a c tiv ity  and hence indicate a partly  microsomal location. 
Sim ilarly  the microsomal association of NAG and 3 -glucuronidase may 
indicate that s ig n ifican t amounts of one form of the enzyme remains 
associated with ER during synthesis.
This type of heterogeneity may also be encountered with enzymes which 
are present in inactive forms. These may be e ith er inactive precursors, 
such as the high molecular weight acid activatable  form of renin (Sagnella 
et a l , 1980) or as the enzyme inactivated by an in h ib ito r , eg kidney NAG 
excreted in urine is reported to be associated with an un identified  low 
mol wt in h ib ito r (Marhun,1976).
l .d  INVOLVEMENT OF LYSOSOMES IN MEMBRANE FUSION
i ) Formation of lysosomes
Acid hydrolases, added to cultures of fib ro b las ts , were shown to  be
bound and in ternalised by the ce lls  (Neufeld and Cantz, 1971; Lagunoff et 
a l ,  1973; Rome et a l , 1979 b). The enzymes ac tive ly  taken up were
phosphoglycoproteins (Kaplan et a l , 1977a) and the process of uptake 
appeared to involve the binding of the enzymes' recognition marker (a
phosphomannosyl group) to  a receptor on the plasma membrane (Kaplan et a l ,
1977b). Although i t  was postulated that the receptors played a major 
ro le  in the in tra c e llu la r  processing of lysosomal enzymes, d irec t evidence 
fo r th is  comes from the finding that over 80% of the phosphomannosyl 
enzyme receptors in fibroblasts  are present in in tra c e llu la r  membranes 
(Fischer et a l , 1980).
Since these major developments, recent work on the biosynthesis of 
lysosomal enzymes has greatly c la r if ie d  the mechanisms involved in the 
phosphomannosyl marker processing, and the transport of the acid
hydrolases from the rough ER via the cisternal lumen of the Golgi
apparatus to the primary lysosome. These mechanisms have been
excellen tly  reviewed by Sly and Fischer (1982). A suggested summary of 
the currently understood mechanisms is presented by these authors 
(reproduced as Fig 1 .2 ). The major steps of the scheme provide a concise 
summary of the biosynthesis and transport of lysosomal acid hydrolases.
1. Synthesis of acid hydrolase on rough ER. This tran s fe r from the 
polysomes to the cisternal lumen of the ER occurs via the normal signal 
protein pathway (Palade, 1975; Blobel et a l , 1979).
2. Addition of (Glc) (Man) (GlcNac) onto asparagine residues of
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the enzyme molecule. This is achieved with the substrate of
oligosaccharide attached to the lip id  c a rr ie r  dolichol pyrophosphate
(Gibson et a l , 1980).
3. Removal of glucose.
4. Addition of N-acetylglucasamine (from UDP-glucosamine) onto 6 -mannose
R ER SMOOTH MEMBRANES  
(S E R -G O L G I /G E R L )
/  s
3G
+ 2 UOP-GN
2GN2 UMP
\
I* LYSOSOME w
TRA NSPO RT
VESICLE
2 * LYSOSOME
P L A S M A
M E M B R A N E
INSIDE
OUTSIDE
ENZ
ENZP-ENZ
Fig 1.2 Processing and transport of lysosomal enzymes.
(M - mannose,G - glucose, GN - N-acetylglucosamine,
P - phosphate, ENZ - enzyme, R - phosphomannosyl receptor, 
DOL - dolichol) . For explanation of the scheme see text. 
Reproduced from Sly and Fischer (1981).
5. Release of N-acetylglucosamine residues by phosphodiesterase exposing 
6 -phosphomannose and thus forming the 'high uptake' enzyme.
6 . Enzymes bound to receptors co llect into vesicles which bud o ff  from 
the Golgi apparatus.
7. Acid pH of primary lysosomes dissociates enzymes from receptors. 
Receptors neutralized.
8 . Intralysosomal acid phosphatase removes phosphate thus in activatin g  
the recognition marker. Acid proteases probably trim  o ff  polypeptide.
9. Some receptors may travel to the ce ll plasma membrane.
10. Unbound enzyme or enzyme with no marker is secreted.
11. Some cells  may bind and take up the secreted enzyme.
12. Enzymes end up in secondary lysosomes and may eventually be degraded 
by acid proteases.
This scheme, although f a ir ly  comprehensive, leaves some points of 
lysosomal formation unanswered. We s t i l l  do not know how the vesic le , 
leading to the primary lysosome, is formed. Whilst the mechanisms 
describe the enzyme formation, l i t t l e  is known of the formation of the 
lysosomal membrane or the enzyme receptor. I t  is also not c lear how or 
why the phosphomannosyl marker is added to some glycoproteins ( ie  acid 
hydrolases) and not others. A p a rtic u la rly  important question is how the 
glycoproteins are sorted into those destined fo r lysosomes, various 
c e llu la r  membranes and those fo r secretion. The presence of some 10% of 
the ce lls  receptors on the plasma membrane probably derives from secretory 
(exocytic) membrane movement. However, its  presence raises the
p o s s ib ility  that some ce lls  which possess the receptor but do not 
synthesise (or f a i l  to add the recognition marker) to acid hydrolases, may 
s t i l l  acquire 'high uptake' enzymes released by other c e lls .
i i ) Endocytosis and formation of heterolysosomes
Endocytosis is an essential c e llu la r  process since i t  provides the 
only known route by which macromolecules (and also partic les ) can gain 
entry in to a c e ll .  The f i r s t  stage of the process involves invagination  
of the plasma membrane around the e x trac e llu la r material followed by the 
formation of an endocytic vesic le . F ina lly  the endocytic vesicle usually  
fuses with a primary lysosome to form a heterolysosome (secondary 
lysosome).
Before examining the formal c las s ifica tio n  of endocytosis, i t  is 
useful to look at the morphology of an active ly  endocytosing tissue and 
note the great d ivers ity  of structures involved in endocytosis. The 
example chosen is the reticuloendothelia l system of the l iv e r  which was 
observed by Wisse (1977) to contain a number of d is tin c t endocytic 
processes:
1. B ris tle  coated micropinocytosis occurring in endothelia l, Kupffer and 
fa t  storing cel Is .
2 . Macropinocytosis found only in endothelial c e lls .
3. 'Wormlike' fla ttened endocytic invaginations with a double fuzzy coat
and dense middline occurring only in Kupffer c e lls .
4. Pinocytic vacuoles, d iffe r in g  from 1 and 2, showing a d is tin c t fuzzy 
coat on the inner side of the membrane -  only found in Kupffer c e lls .
5. Phagocytic uptake of p articu la te  material by engulfment with
pseudopods -  only found in Kupffer c e lls .
The endocytic processes described under the following four headings 
are indeed based on a morphological c la s s ific a tio n . Although not
s t r ic t ly  accurate, th is  c lass ifica tio n  w ill suffice in view of the rapid 
developments in th is  f ie ld  - notably receptor mediated endocytosis and 
membrane recycling. The most recent reviews on endocytosis (M ichl, 1980; 
Geisow, 1980; Herzog, 1981; Evered and C ollins , 1982; Besterman and Low, 
1983; Jesa itis  and Cochrane, 1983; Pastan and Willingham, 1983) have 
concentrated almost exclusively on the receptor mediated endocytosis. 
The current knowledge of endocytic pathways is summarised in Fig 1.3 which 
is  reproduced from Geisow (1980).
1. Receptor-mediated endocytosis
This type of endocytosis involves the attachment of an external 
ligand molecule or p a rtic le  to a specific  receptor located on the plasma 
membrane. I t  is d is tin c t from other forms of endocytosis in being a 
concentrative process. The mechanisms of receptor-mediated endocytosis 
are s t i l l  being elucidated and may well lead to a rec lass ifica tio n  of the 
d iffe re n t forms of endocytosis (see Fig 1.3) fo r i t  is c lear that some 
types of macro and micropinocytosis may indeed be receptor-mediated.
This mechanism is known to be responsible fo r endocytosis of a
variety  of ligands such as hormones, proteins, toxins and viruses and
possibly microorganisms. (Goldstein et a l , 1979; Pearse, 1980; Pastan 
and Willingham, 1981). Specific receptors have been id e n tif ie d , in a
number of ce ll types, fo r : low density lipopro tein  (LDL),
asialoglycoproteins, high mannose glycoproteins, lysosomal enzymes,high 
fucose glycoproteins, a^macroglobulin and tran s fe rrin  (see Evered and
C o llins , 1982). Studies on fib rob lasts  have shown that the receptors are 
associated with specialised regions of the plasma membrane, the coated 
p its , so called since they are coated with a unique prote in , c la th r in , on
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the cytoplasmic side of the membrane (Willingham et a l , 1981). The p its , 
containing the ligand, close up to form crypts which lead to the formation 
of uncoated endocytic vesicles ( 1receptosomes') .  The crypts themselves 
are not incorporated into the vesicles but reform into new coated p its . 
Thus the p its  appear to act as precursors only and th e ir  a b il i ty  to reform 
obviously conserves membrane and the receptor. Formation of a vesicle  
from the crypt results in long worm!ike structures which may be the same 
as noted by Wisse (1977) in Kupffer c e lls . These studies on coated p it  
receptor-mediated endocytosis have helped enormously in elucidating the 
mechanisms of membrane recyling (fo r  review see Evered and C o llin s , 1982).
An excellent example of receptor-mediated endocytosis is the uptake 
of asialoglycoproteins into hepatocytes (Steer and Ashwell, 1980).
Another example is the uptake and transport of polymeric IgA from the 
sinusoidal to the b ilia ry  surface of the hepatocyte (Mullock et a l , 1979b). 
I t  is not c lear i f  th is  form of receptor mediated endocytosis occurs via  
the coated p it .  The unusual feature of th is  mechanism is that IgA f i r s t  
binds to the receptor, called secretory component (SC) and is then 
transported in small endocytic vesicles (0 . Ijjdiameter) which do not fuse 
with lysosomes. I t  is suggested that the endocytic uptake of
asiologlycoproteins (destined fo r lysosomes) and IgA (destined fo r  
transport across the hepatocyte) occurs via the same coated p it  
'receptosome' but that sorting into the two d is tin c t pathways is achieved 
subsequently w ithin a tubular endomembrane network located below the 
sinusoidal surface (S lo t, 1983). Such structures, part o f the
cytoskeleton system of microtubules, microfilaments and 'm icrotrabecular 
la t t ic e ' and responsible fo r organelle movement, cannot be re ad ily  
observed by conventional EM methods but can be visualised by special high 
voltage EM techniques (Porter and Tucker, 1981).
2. Micropinoc.ytosis
This form of endocytosis is c lass ified  as the mechanism by which ce lls  
take up e x tra c e llu la r f lu id  (pinocytosis means 'c e ll d r in k in g '). I t  is 
distinguished by the formation of vesicles of rather uniform size of about 
70nm and is known to occur in many cell types but especially  endothelial 
c e lls , macrophages, neurosecretory terminals and nerve ce ll term inals (c f .  
A llison and Davies, 1974). This process is considered not to require 
metabolic energy, unlike other forms of endocytosis, but rather to depend 
on Brownian motion within the cytoplasm (A llison and Davies, 1974).
Current evidence would, however, suggest that th is  is not a d is tin c t  
type of endocytosis but that i t  represents receptor-mediated endocytosis. 
The small endocytic vesicles may e ith er fuse with lysosomes or may 
traverse the c e ll ,  in a s im ilar way to the transport of IgA across the 
hepatocyte, to fuse with the plasma membrane on the other side of the 
c e ll .  An analogous process in which endocytosed ligand is rapidly  
exocytosed, has been observed in hepatocytes by Connolly et al (1982) who 
described i t  as 's h o rt-c irc u itin g ' and also in c ap illa ry  e p ith e lia l ce lls  
(Simionescu et a l , 1981) described as 'Transcytosis' or 'D iacytosis". 
Its  function on ep ith e lia l ce lls  seems to be to transport macromolecules 
(and f lu id )  across from one e x tra c e llu la r compartment to another.
A minor problem with classifying micropinocytosis as a receptor- 
mediated mechanism arises from the work of Munthe-Kaas (1977) who noted 
th a t co llo idal gold is taken up by micropinocytosis into Kupffer c e lls .  
I t  is d i f f ic u lt  to imagine why gold should be taken up by a receptor- 
mediated process, unless i t  ju st happens by chance to bind to  the receptor 
or binds non-specifically  to  the plasma membrane and thus 'h itch es ' a ride  
in to the pinocytic vesicles.
3. Macropinocytosis
This mechanism results in the formation of fa ir ly  large vesicles (0 .3  
-  2y ) and is found in a wide range of c e lls . Macropinocytosis is
inh ib ited  by cytocholasins (acting on m icrofilam ents), colchicine (acting  
on microtubules) and by inhib itors of oxidative phosphorylation (A llison  
and Davies, 1974) thus indicating that i t  is an energy-dependent process.
A great variety  of partic les and macromolecules may be taken up by 
th is  type of endocytosis thyroid e p ith e lia l ce lls  -  co llo ids; kidney 
proximal tubule ce lls  -  a ll f i l te r e d  proteins; macrophages
antigen/antibody complexes, numerous particu lates (carbon, co llo idal gold, 
thoro trast) (c f . A llison and Davies, 1974). I t  is not c lear i f  specific  
recognition processes are involved in macropinocytosis. The uptake of 
horseradish peroxidase in mouse peritoneal macrophages is thought to occur 
by such a process but apparently does not involve any receptors (Steinman
et al_, 1976). In teres tin g ly , when the kidney glomerular basement
membrane is damaged and consequently the concentration of serum proteins 
in the f i l t r a t e  increases g reatly , the capacity of the proximal tubule 
ce lls  to take up and degrade more protein also increases greatly  (Katz et 
a l , 1960). I t  is suggested that when the luminal protein concentrations 
are normal (re la tiv e ly  low), the uptake occurs by membrane binding 
(receptor-mediated) but when the protein levels are elevated, the major 
proportion is engulfed together with the tubular f lu id  without binding 
(Maunsbach, 1976).
4. Phagocytosis ( 'c e l l  eating1)
This mechanism is common in protozoa and in a number of mammalian 
ce lls  such as mononuclear phagocytes, polymorphonuclear leucocytes and
macrophages. Phagocytosis is characterised by a process of p a rtic le
attachment to the plasma membrane followed by invagination and ingestion.
Three d iffe re n t forms of attachment may be involved -  1) In protozoa a
po s itive ly  charged p a rtic le  attaches to the negatively charged membrane
(Jaques, 1969). This may be the same process by which macrophages
phagocytose asbestos fib res  (A lliso n , 1973). 2) A d is tin c t form of
attachment may be due to hydrophobic groups on p artic les  such as la tex .
3) P a rtic le  attachment may occur by specific  binding of plasma membrane
receptors to certa in  opsonins (Fc and complement, C ) .  A common form
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of th is  type of attachment would be the phagocytosis of 'opsonised'
bacteria . Kupffer c e lls , in th e ir  uptake of opsonised sheep red c e lls ,
have been shown to contain both Fc and C receptors (Munthe-Kaas, 1976)
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which are involved in two quite d is tin c t phagocytic in te rn a lis a tio n  
mechanisms.
As fo r macropinocytosis, phagocytosis is also energy-dependent and 
involves microfilament contraction and microtubules fo r  the pseudopod 
movement and engulfment to  complete the vesicle formation. The membrane 
of the phagocytic vesicle is hot derived e n tire ly  from the plasma membrane 
since i t  has been shown (V icker, 1977) to  contain much newly synthesised 
glycoprotein. During ingestion th is  new membrane protein may coat the 
p a rtic le .
5. Control of endocytosis and lysosome fusion
A b r ie f  summary of some well-documented forms of endocytosis gives an 
indication of its  d ive rs ity  and complexity. The kidney proximal tubule
c e lls  take up proteins by at least two d is tin c t forms of endocytosis; the  
m ajority are taken up by macropinocytosis w hilst specific proteins such as 
lysozyme (Christensen and Maunsbach, 1974) and m etallothionein (Selenke 
and Foulkes, 1981) are taken up by a concentrative receptor-mediated 
mechanism. As already mentioned, hepatocytes take up IgA and
asialoglycoproteins by mechanisms whose fates are quite d if fe re n t . The 
uptake and transport of IgA, in p a rtic u la r, shows some in te re s tin g  
features. How these IgA transport vesicles avoid fusion with primary 
lysosomes and how the membrane bound IgA-SC complex is released in to  b ile  
are two crucial questions which remain unanswered. The recently  
discovered 'coated p it ' endocytosis (see previous section) has enhanced 
our knowledge of receptor-mediator mechanisms but th is  also is  not fu l ly  
understood. Notable questions are : how does the coated p it  in i t ia t e
but not become incorporated into the endocytic vesicle (receptosome) and 
how is c la th rin  involved in th is  mechanism? I t  is relevant at th is  stage 
to consider an endocytic model proposed by Tulkens et al (1977) based on 
some very elegant work with the uptake of labelled anti-PM antibodies in to  
rabbit fib ro b la s ts . The results suggest that endocytic vesicles fuse 
with primary lysosomes such- that only the contents are released in to  the 
lysosomes w hils t most of the endocytic vesicle detaches from the lysosome 
and returns to the surface PM. This 's h u ttle ' mechanism explains the 
discrepancy between the membrane intake during endocytosis being fa r  in  
excess of membrane degradation plus loss due to  exocytosis. In  
p rin c ip le , the steps are very s im ilar to  those recently  proposed 
(Willingham et a l , 1981) fo r  'coated p it '  endocytosis, which also  
conserves surface PM. Indeed the two mechanisms may be the same.
Some endocytic processes are controlled by levels of cyclic  AMP. 
This is well established in a number of d iffe re n t ce lls  especially  in  
protozoa where the cyclic  AMP controls the rate of phagocytosis (Oates and 
Touster, 1980). The cyclic AMP is synthesised by a common PM enzyme, 
adenyl cyclase which is stimulated by a number of hormones: adrenaline,
glucagon, ACTH, thyrotropin, prostaglandin E etc. Specific receptors fo r  
these hormones, located on the outer surface of the PM and in close 
proximity to the adenyl cyclase, have been id en tifie d  in a number of ce ll 
types. The adenyl cyclase, which is located on the cytosolic side of the
2+
PM, is also dependent on GTP and is inhib ited by elevated cytosolic Ca
concentration. The action of cyclic  AMP is terminated by the specific
cyclic phosphodiesterase (EC 3 .1 .4 .1 7 ) and possibly by the a lk a lin e
phosphodiesterases which are abundant in the plasma membrane of many
tissues (Brightwell and Tappel, 1968; Prospero et a l , 1973). The
2+
specific  enzyme is activated by Ca which is bound to Calmodulin (Huang
2+
et al_, 1981). Thus the additive e ffec t of Ca and the
phosphodiesterase are to in h ib it the whole process. However, there is
2+
some evidence that Ca may be needed fo r endocytic/phagocytic uptake
(see Besterman and Low, 1983). This would seem to be in d irec t c o n flic t
with the stimulation of endocytosis by cyclic AMP but could be explained
2+
by two quite d is tin c t e ffects  of Ca , with in tra c e llu la r  Calmodulin- 
2+
bound Ca controlling cyclic AMP levels w hilst endocytic processes are
2+
dependent on much higher concentrations of free e x tra c e llu la r  Ca . 
Whilst much is known about the hormonal effects on cyclic  AMP, i t  is  f a i r  
to say that the relationship of th is  process to the mechanisms of 
endocytosis, remains unclear.
An in teresting e ffec t of cyclic  AMP, which may be relevant to  
contro lling  endocytosis, is the reported stim ulation of hepatic 
autophagocytosis (Abe and Ogawa, 1980). I t  is thus possible that 
starvation induced autophagocytosis is controlled by the hormonal 
(released from the in testine ) activation  of cyclic  AMP levels which then 
stimulate autophagocytosis. I t  would be in trigu ing  to establish i f  th is  
process supressed endocytosis.
Steroid hormones are also thought to be involved in contro llin g  
endocytosis. Phagocytic a c tiv ity  of Kupffer ce lls  is stimulated by 
oestrogen (Warr and S lj iv ic ,  1973). The mechanism of th is  process is not 
understood.
Other evidence points to some forms of endocytosis being also a 
fundamental and continuing factor in other ce ll processes. The endocytic 
vesicles which transport IgA continue to traverse the hepatocyte and 
discharge free secretory component into b ile , even in the absence of IgA. 
Mullock and Hinton (1981) and Evans (1980) have therefore suggested th a t 
the supply of PM to the b ilia ry  face may be the reason fo r these transport 
vesicles. Allison and Davies (1974) have speculated that exocytosis, and 
i ts  resultant increase in PM area causes stim ulation of micropinocytosis.
Apart from the adenyl cyclase/cyclic phosphodiesterase, the  
involvement of enzymes in endocytic processes remains a mystery. I t  has 
been suggested that phospholipases may play a ro le in membrane fusion  
(Seager et a l , 1978), whilst work on coated-pit uptake of c^macroglobulin 
indicated that transglutaminases may aid the receptor-1 igand binding 
(Maxfield et a l , 1979). The report that dimerised RNase A impairs the
endocytic process in cultured hepatoma ce lls  (Bartholeyns et a l , 1979), 
possibly by preventing fusion of vesicles with primary lysosomes, although 
in teresting  may have l i t t l e  relevance to in vivo systems. The mechanism 
by which Toxoplasma gondii in h ib its  lysosomal fusion in polymorphs is  not 
understood (Mims, 1977). The lack of d e fin itiv e  data on enzyme 
involvement in membrane fusion may simply re fle c t that enzymes are not 
essential and that fusion occurs prim arily  because of membrane f lu id i ty  
and proximity of organelles. Changes in the spatial relationships o f 
organelles and the movement of endocytic vesicles, lysosomes etc. is now 
widely accepted as being achieved by the cytoskeletal system.
A major d i f f ic u lty  in the study of fusion between endocytic vesicles  
and primary lysosomes has been the lack of a selective in h ib ito r  o f th is  
process. Although chloroquine (Berg and Tolleshaug, 1980), Concavalin A
(Tolleshaug et al_, 1980) and Suramin (Jaques et a l ,  1975) have been
suggested as possible in h ib ito rs , none have proved e ffec tive  or sp e c ific . 
Recently benzyl alcohol has been proposed as the most e ffe c tiv e  in h ib ito r  
currently  availab le (Tolleshaug and Berg, 1982).
i i i )  Exocytosis
Membrane material from the Golgi apparatus has two major 
translocation routes: exocytosis or secretion and formation o f primary
lysosomes. I t  is  in teresting to note that the membranes of secretory 
granules, which fuse with the plasma membrane during exocytosis, are 
retrieved by endocytosis (Herzog, 1981) thus recycling the membrane and 
maintaining a reasonably constant surface area.
The term exocytosis is synonymous with secretion and essentia lly  
describes the release of materials from the c e ll .  Much of our knowledge 
of th is  process stems from many specific forms of secretion which release 
a wide variety  of physiologically active macromolecules (hormones, 
neurotransmitters, vasoactive substances, enzymes e tc .)*  Two d is tin c t  
secretory processes are known :
1) Stimulus dependent secretion, which is found in nerve ce lls  (L linas et
a l , 1972), pancreatic ce lls  and adrenal medulla ce lls  (Rubin, 1970).
In these cases, the secretion is accompanied by a rapid change in the
2+
perm eability of the ce ll membrane to  Ca and its  in flu x  in to the c e l l .
2) Stimulus independent secretion releases newly synthesised proteins 
from c e lls , eg immunoglobulin release from plasma c e lls  (Parkhouse and 
A lliso n , 1972), albumin release from hepatocytes (Yokota and Fahimi, 
1981).
I t  is at th is  stage essential to distinguish between secretion, which 
does not involve lysosomes and the exocytosis of m aterial from 
heterolysosomes, residual bodies etc. Secretory processes involve a 
pathway from the rough ER to the smooth stacks of the Golgi and f in a l ly  to
the ce ll surface (Wehland et al_, 1982) w hilst lysosomal material
originates from the coated regions of the Golgi. Colchicine and 
cytocholasin B (in h ib ito rs  of microtubular and microfilament functions 
respectively) in h ib it the secretory process (A llison and Davis, 1974). 
However, they cause an increase in the release of acid hydrolases in the 
cell surrounds, thus suggesting that secretion and exocytosis of lysosomal 
material may involve two d is tin c t mechanisms.
Since the subject of th is  thesis is 'lysososmes' i t  is only the fa te
of heterolysosomes and exocytosis of lysosomal material which w ill be 
considered. Unfortunately, th is  process is not well documented. Our 
scanty knowledge of the fin a l stages of the lysosome's l i f e  cycle derives 
only from data on the loss of acid hydrolases and the turnover of 
endocytosed m ateria l. Studies on b ile  formation and flow have shown 
th a t, in the case of ra t l iv e r ,  acid hydrolases are released into b ile  
(Holdsworth and Coleman 1975; Toyoda et a l , 1977; LaRusso and Fowler, 
1979) thus providing some evidence fo r the hypothesis that 'b i le  is the 
major pathway of unloading of the lysosomes' (de Duve and Wattiaux, 1966). 
The release of lysosomal enzymes into b ile  involves a process which 
d iffe rs  from the c e llu la r  mechanisms of b ile  formation (Lopez del Pino and 
LaRusso, 1981). In the kidney endogenous lysosomal acid hydrolases are 
released into urine (Price 1982). Although i t  is not certa in  i f  these 
enzymes are released from tubular ce lls  by exocytosis, Ericsson et a l 
(1965) have demonstrated that old lysosomes (teleolysosomes) release th e ir  
undigested contents, presumably together with lysosmal enzymes, in to  the 
tubular lumen. Such a mechanism would solve the problem of membrane 
recycling in the very ac tive ly  endocytosing ce lls  of the proximal tubule. 
The observations that an incomplete complement of lysosomal acid 
hydrolases is released into urine (P rice , 1982) may be explained by a) 
specific and selective release, b) selective reabsorption of some of the 
released enzymes, c) some enzymes being more resistant to the action of 
lysosomal proteases, d) inactivation  (or in h ib itio n ) of some enzymes in 
the f i l t r a t e  or urine.
Turnover of endocytosed material provides some indirect evidence for  
exocytosis of lysosomal material. An indication of th is  process in the 
l iv e r  may be derived from lis ting  and correlating small molecules which 
are actively  excreted in b ile  and are also known to be lysosomotropic. 
This information is summarised in Table 1.1 and shows quite c learly  that 
many small molecules taken up into lysosomes are also excreted into b i le .  
Since lysosomal enzymes are released into b ile  by exocytosis, i t  is almost 
certain that other lysosomal contents, such as the lysosomotropic agents, 
w ill  be released by the same mechanism. There is ,  however, a discrepancy
between the rate of b i l ia ry  excretion of these lysosomotropic small 
molelcules (Table 1.1) being at least 10-fold greater than the reported
release of acid hydrolases into b i le  (Godfrey et al_, 1981) of about
5%/24h. I t  is probably unfair to make such a comparison because the 
small molecules are not l ik e ly  to be exclusively lysosomotropic and 
because they may leak out of the lysosomes and be actively excreted by the 
more conventional conjugation reactions. I t  is also possible that the 
b i l ia ry  excretion of metals may occur via uptake into lysosomes and 
subsequent exocytosis (Sternlieb and Goldfischer,1976).
The catabolism of endocytosed macromolecules (especially proteins) is  
well established as an active process which releases amino acids, sugars 
etc. I t  is-however not l ike ly  that th is  release occurs exclusively by 
exocytosis since the lysosomal membrane and the plasma membrane are 
permeable to some small molecules which can diffuse out of the lysosomes. 
Macromolecules, such as the immunoglobulins, which are only p a r t ia l ly  
digested (or remain undigested) in the l iv e r  (Ghetie and Motas, 1971) and 
other cell types (Tulkens et a l , 1970; Schneider et a l , 1981) are most 
probably released via exocytosis.
The turnover of indigestable material which is taken up into
lysosomes is known to be very slow . In the l iv e r  material such as
dextran sulphate (Kagawa,and Tomizawa, 1980), and Triton WR-1339 (Henning
and Plattner,1975; LaRusso et_al_, 1982) are actively  taken up into
lysosomes and are then slowly exocytosed into b i le .  Dextran sulphate was 
excreted in b ile  at about 2% per hour. The rate of Triton WR-1339
excretion was slighly  lower but both compounds essentia lly  para lle l the
excretion of lysosomal enzymes. Dextrans, which are taken up into
Table 1.1 Lysosomotropic drugs quoted by Allison and Young (1964, 1969)
and de Duve et a l , (1974) which are also known to be excreted in b il
(Klaassen et al 1981).
Lysosomotropic coumpound B ilia ry  excretion
✓
% of to ta l in jected/tim e
Eos in 58% i n 1 h
Orange G. 58% i n 1 h
Indomethacin 66% in 24 h
Dimethyl aminoazobenzene 25% in 1 h
Polybenzoid hydrocarbons 30% in 1.5 h
(substituted deviatives of anthracene
and benzanthracene)
Vitamin A 56% in 24- h (sheep)
Ethidium 52% in 18 h ( ra t )
proximal tubule cells  of the kidney are resistant to digestion  
(Christensen and Maunsbach, 1981) but may well be exocytosed. This route 
of macromolecular release has not, however, been established in the 
kidney. In other cell types notably macrophages, indigestable material
which ends up in residual bodies cannot be extruded and is retained in the 
cells  in d e fin ite ly  (Cohn and Fedorko,1967; Novikoff,1973). In the case 
of lysosomal storage diseases the residual bodies are also retained e ither  
because they cannot be exocytosed or because the re la t iv e ly  low rate of 
exocytosis cannot keep up with the rate of formation. Thus i t  appears 
that mammalian ce lls  generally do not actively  exocytose whilst protozoa 
and other un icellu lar organisms are p ro l i f ic  exocytosers.
I t  is at present obscure how exocytosis in d if fe ren t cell types is
controlled. A number of authors have proposed that exocytosis is
dependent on phagocytosis (Zabucchi et a l , 1975; Davies et a l , 1973). I t
is suggested by Ignarro et al_, (1974) that ex trace llu la r  release of
lysosomal enzymes by neutrophils may be regulated by selective formation
of cyclic nucleotides. Estensen et al (1974) on the other hand suggested 
2+
that Ca is required for exocytosis whilst Amano et al (1981) concluded 
that excytosis in polymorphs is not effected by endo- or phagocytosis. I t  
is however questionable whether the release of lysosomal enzymes should 
indeed be used as on index of exocytosis since in polymorphs, which often 
release granular contents in response to inflammation and c e l lu la r  in ju ry ,  
th is  process is equivalent to secretion. Although no d irec t evidence is  
available i t  may also be possible fo r lysomal enzymes to be inadvertently  
released during phagocytosis i f  the primary lysosome should fuse with the 
phagosome before the closure is complete.
A specific and interesting form of 'exocytosis', by which Semliki 
Forest virus partic les are released from c e l ls ,  involves the plasma 
membrane budding outwards to enclose a cytosolic virus p a r t ic le .  This 
unique mechanism is particulary interesting since i t  ac tua lly  releases 
membranous vesicles from the cell (Simons et a l ,1982). In the production 
of milk fa t  droplets are formed by a s im ilar 'apocrine' mechanism.
1 e. LYSOSOMES OF THE DIFFERENT LIVER CELL TYPES.
The realisation that d if fe ren t cells  of the l iv e r  contain d if fe re n t  
lysosomes is very much a modern concept. The work of Wattiaux et al 
(1956) indicated possible differences which were la te r  confirmed by Berg 
et al (1973), Arborgh et al (1973b) and Van Berkel et al (1975). These 
resu lts , achieved essentia lly  by the separation of parenchymal ce lls  
(hepatocytes) from non-parenchymal cells  (sinusoidal) with the collagenase 
and pronase treatment, demonstrated that the la t te r  cell types contained 
considerably higher a c t iv it ie s  of lysosomal enzymes (expressed per mg 
protein) thus confirming the morphological data on th e ir  higher phagocytic 
a c t iv i ty .  Morphological examination had however, already shown that 
sinusoidal lin ing  ce lls  were themselves composed of a number of d if fe ren t  
cell types (see Fig 1.4 and table 1.2) whilst histochemical studies 
(Thornbecke et al 1962; Groh and Von Mayersbach, 1981) indicated that the 
differences in the lysosomal enzyme content reflected functional and
phagocytic differences amongst the l iv e r  cell types. The most recent 
work, in which the two major types of sinusoidal cells  (Kupffer and
Endothelial) have been separated (Knook and Sleyster, 1980) elegantly  
demonstrates that these cells  do indeed possess d if fe re n t acid hydrolase 
complements.
The l iv e r  has some five  major cell types which are diagramatically  
presented in F ig .1.4 and lis ted  in tab le  1.2 together with some of the 
lysomal properties of these ce lls .  From th is  table i t  is c lear that  
considerable data on hepatocytes, Kupffer cells  and endothelial ce lls  are 
available whilst we know very l i t t l e  about the fa t  storing ce lls  or the 
p it  c e l ls .  Only the lysosomes of the former group can thus be surveyed in 
some d e ta i l .  The approach adopted w il l  be f i r s t l y  to examine the
materials endocytosed and then correlate this with the lysosomal enzymes
Fig 1.4
Representative structure of the liver, as would appear on a low 
magnification (about 2000)electron micrograph.
H - hepatocyte, K - Kupffer cell, E - endothelial cell, FS - fat 
storing cell, P - Pit cell, D - Space of Disse, S - sinusoid,
BC - bile canaliculus, RC - Red cell.
The intracellular organelles do not represent the correct numbers 
or scale.
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found in the three major cell types.
i )  Hepatocytes; Circulating asialoglycoproteins are taken up into
hepatocytes by receptor mediated endocytosis. The asialoglycoproteins
(those lacking the terminal s ia l ic  acid and exposing a galactose residue)
are bound to numerous receptors on the plasma membrane surface (> 200,000
per c e l l )  and are subsequently degraded in the lysosomes (Grinde and
Seglen, 1981). Among the glycoproteins which have been examined are the
asialoderivatives of orosomucoid, ceruloplasmin, haptoglobin, human
chorionic gonadotropin (Pricer and Aswell, 1976) t ra n s fe rr in ,  (with a
re la t iv e ly  low binding a f f in i t y ) ,  fe tu in  (Tolleshaug and Berg, 1980) and
glycophorin (Hildenbrandt and Aronson, 1979). Receptor mediated clearance
of fucose-terminated glycoproteins is also specific to hepatocytes
(Prieels et al , 1978). Many other proteins are taken up by receptor
mediated endocytosis into hepatocytes; examples include lipoproteins
(Brown and Goldstein, 1979), lysosomal enzymes (Rome et a l , 1979b),insulin
(Bergeron et a l , 1980) and a^mac.roglobulin (Van Leuven et al , 1980).
Albumin is also taken up in hepatocytes, but since i t  is not a
glycoprotein the uptake presumably does not involve the carbohydrate
receptors. Although the in terna lisation  and degradation of protein
complexes is usually attributed to  Kupffer c e l ls ,  hepatocytes s p e c if ic a lly
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take up the Ig G I -  BSA complex (Thornburg et a l , 1980), apparently 
via the galactose specific receptors. The uptake of haemoglobin is 
sim ilarly  not exclusively the function of the Kupffer c e l l .  Whilst 
Kupffers do normally take i t  up i f  the concentration is below 15 jmg/lOOg 
body weight above that concentration hepatocytes also ' jo in  in ' the 
uptake process (Goldfisher e t_ a l ,1970).
As well as receiving exogenous material the hepotocyte lysosomal 
system also degrades in t ra c e llu la r  components by the process of autophagy. 
This process, which occurs almost exclusively in hepatocytes, occurs 
normally and in response to external s tim uli, such as starvation -
depletion of amino acids (Wells et al_, 1981), glucagon treatment
(Matsushita and Saito, 1979), hypo!ipidaemic drugs (Price et al ,  1982), 
lysosomotropic amines (Kovacs et a l ,1982) and 3-Methyl adenine (Seglen and 
Gordon, 1982)# Morphological examination of necrotic l iv e r  shows some 
extremely large granules (up to  40y) in hepatocytes which adjoin necrotic 
regions (Kerr, 1971). These granules most l ik e ly  represent very high 
autophagic a c t iv ity .
Hepatocyte lysosomes are also involved in the degradation of b i le  
deposits in cholestasis (Faria, 1977).
The d istribution of hepatocyte lysosomes in the d if fe re n t regions of
Von
the l iv e r  is not homogeneous. Groh and^Mayersbach (1981) have reported 
that whilst acid phosphatase is uniformly distributed throughout the l iv e r  
lobe 3 -glucuronidase is abundant in the periportal region and almost 
absent in the centrilobular region. Another d is t in c t feature of 
hepatocyte lysosomes is that within the cell they are mainly found in the 
region of the b ile  canaliculus (p e r ib i l ia ry  granules -  Novikoff,1959). 
The number of these p e r ib i l ia ry  bodies increases dramatically in response 
to a number of drugs; eg. ethionine (Wood, 1964). In response to  
hypolipidaemic drugs the b i l ia ry  region of the hepatocyte also accumulates 
large numbers of l ip id -r ic h  lysosomes, also known as lipofuscin granules 
(Reddy et a l , 1982;Price et a l ,1982).
Comparisons of lysosomal enzymes in the parenchymal and non 
parenchymal cells  (Berg and Boman, 1973; Van Berkel et al ,1975) had
demonstrated significant differences. Before examining these differences 
i t  is important to note that a l l  the lysosomal enzymes so fa r  measured 
show a higher specific a c t iv ity  in the non parenchymal c e l ls ,  but a higher 
per cell a c t iv ity  in the hepatocytes (due to the much higher volume of 
th is  cell type). The specific a c t iv ity  of acid glycosidases is about 1.5 
fold greater in non parenchymal cells  than in hepatocytes, whilst other 
acid hydrolases (eg lipases and proteases) are up to 10 fold higher. Thus 
the observation that hepatocytes are re la t iv e ly  rich in acid glycosidase 
is  in good agreement with th e ir  capacity fo r uptake and degradation of 
glycoproteins. The details  of lysosomal enzyme distributions amongst 
hepatocytes, Kupffer cells  and endothelial cells are presented in Table 
1.3.
i i )  Kupffer C e lls ; Kupffer cells  are the macrophages of the l iv e r  (see 
F ig .1.4) and as such phagocytose numerous particulates and endocytose many 
macromolecules from the c ircu la tio n . They have been extensively studied 
and much credit for th is must go to the Kupffer Cell Foundation (formed by 
E.Wisse and D.L. Knook) and the impetus provided by i ts  publication  
"Kupffer Cell Bulletin".
The properties and functions of the Kupffer ce ll have been 
excellently  summarised in* an amusing and informative review by Carr 
(1977)who has dedicated a poem to his favourite cell :
L1 envoi: Song of the Kupffer cells
Here we s i t  in a row deployed 
Athwart the hepatic sinusoid 
Contemplating our neighbours quaint 
Who look much like  us but they a ' in t .
Our l i f e  is fa r  from otiose;
We smack our lips and phagocytose.
Because of our habits neat and clean 
Antigen cannot reach the spleen,
And joining the current secretory craze 
We make pyrogen and collagenase.
Our orig in is the source of much 
Disputation among the Dutch;
A tangled skein with many knots tied  i;n,
D ifferent a t d if fe ren t ends of Leiden.
The powerful phagocytic action and subsequent degradation of material by 
Kupffer cells  is well demonstrated by culturing non parenchymal ce lls  when 
i n i t i a l l y  Kupffer ce lls ,  endothelial c e l ls ,  fa t  cells  and p it  ce lls  are 
present. Eventually, however, only Kupffer cells  survive but at the 
expense of the other cell types, whose debris is found in the lysosomes of 
Kupffer cells  (Brouwer et al ,1980). Kupffer ce lls  have been estimated to  
take up 90% of a l l  foreign particles which c ircu late  in blood (Biozzi and
S t i f te l  1965). Intravenous injection of ra t l ive r  subcellular organelles;
mitochondria, "microsomes" etc. results in th e ir  complete removal and
degradation in the Kupffer cells  (Glaumann and Trump,1975). An essential 
physiological function of Kupffer cells  is the phagocytic uptake of
defunct and damaged red c e lls . Experimentally th is  process may be 
demonstrated e ither with glutaraldelyde fixed or with antibody coated red 
cells  which are avidly phagocytosed and degraded (Muto and F u jita ,  1977).
Elegant work by Munthe-Kaas et al (1976) with antibody coated red cells
has demonstrated that the Kupffer cell l ik e  other macrophages has Fc
receptors (bind IgG) and C receptors (bind IgM). Kupffer cells  also
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take up many other partic les including virus (Kirn and Obert, 1980), 
collo idal carbon (Donald and Tennent, 1975), thorotrast (Tessmer and 
Chang, 1967), colloidal gold (Munthe-Kaas, 1977) and droplets of l ip id  
(Byers, 1960) and lipoprotein (Van Haelst and Sengers, 1976). Some of 
these (eg. colloidal gold) are taken up by pinocytosis and not by
phagocytosis (Munthe-Kaas, 1977).
Kupffer cells  also take up numerous macromolecules; heamoglobin
(Goldfisher, 1970), glycogen (Glaumann et a l , 1979), T4 bacterial antigen
(Carr, 1977), denatured albumin (Bouveng et a l , 1975)» 1 ipopolysaccharides -
such as endotoxin and many glycoproteins. The glycoproteins are taken up,
just as in hepatocytes, by receptor-mediated endocytosis, however, the
Kupffer cell apparently has no receptors for galactose residues but
actively  takes up N-acetylglucosamine and mannose terminated glycoproteins
(Steer, 1980). I t  is interesting to speculate that FC and C receptors
3
may also be sugar specific receptors. The most important group of 
macromolecules which are taken up by Kupffer cells are the immunoglobulins 
anti body-anti gen complexes (Day et a l , 1980) and protease-macroglobulin 
complex (Ohlsson, 1971). Since a ll  the immunoglobulins, except IgG 
(galactose containing), contain mannose the complexes with IgM, IgE and 
IgA are a ll  taken up into Kupffer ce lls .
From the d istr ibution of the lysosomal enzymes (tab le  1.3) i t  is  
evident that the Kupffer cell is superbly equipped with the hydrolytic  
enzymes which allow i t  to degrade the variety of materials taken up. I t  
is p articu larly  rich in proteases (Cathepsin D) which are essential fo r  
the breakdown of red cells  and protein complexes. I t  is also very rich in
lipases for the breakdown of serum lipoproteins, cholesterol esters and 
tr ig lycerides  (Van Berkel and Van T o l, 1979). Clearly the uptake and the 
breakdown of red ce lls ,  protein complexes and lipoproteins are the major 
physiological functions of the Kupffer c e l l .  The very high a c t iv i ty  of 
acid DNase may re flec t  high capacity fo r  virus uptake and degradation. I t  
is not very clear why the Kupffer's glycosidases are not p a rt ic u la r ly  rich  
since i t  obviously has to cope with quite a high amount of glycoprotein in 
i ts  'd i e t ' .  The resistance of some internalised immunoglobulins to  
hydrolytic breakdown is also puzzling.
Morphologically the lysosomes of Kupffer cells  appear much more 
variable in shape and size than those of the hepatocytes. They often 
appear in electron micrographs as very electron dense, presumably because 
of the iron originating from erythrocytes.
i i i )  Endothelial c e l ls . These ce lls  have only recently been studied in  
detail and hence th e ir  function and properties are s t i l l  not established. 
Endothelial ce lls  are 2 .-  6 times more active than Kupffer ce lls  in the 
uptake of mannose and N-acetylglucosamine terminated glycoproteins 
(Hubbard et a l , 1979). They also selectively  in ternalise  heparin which is
a mucopolysaccharide (Pranning et aj_, 1981), and can under some
circumstances in ternalise f e r r i t in  (Dullmann and Wulfhekel, 1978). The 
uptake of small (<0.3^m) latex partic les has also been noted in the 
endothelial ce lls  suggesting a limited capacity fo r  p a rt ic le  uptake (De 
Leeuw et a l , 1982).
From the available data i t  appears that the endocytic a c t iv i ty  of 
endothelial cells  is mostly involved in the uptake of various 
glycoproteins. These cells  are highly enriched in acid glycosidases, 
p art icu la r ly  N-acetylglucosamindase which w il l  hydrolyse the terminal
Table 1.3 D is tribution  of lysosomal enzyme a c t iv i t ie s  amongst 
hepatocytes, Kupffer ce lls  and endothelial c e l ls .
Data from Knook and Sleyster (1980)
Enzyme Hepatocytes Kupffer
ce lls
Endotheli al 
ce lls
a) Specific Acid phosphatase 36.3 104.6 165.3
a c t iv i t ie s Acid lipase 12.4 53.1 27.1
(n moles/min/ Acid DNase 13.9 235.6 376.9
ug protein) Cathepsin D 0.5 17.4 6.4
Aminopeptidase B 7.7 12.5 9.2
B-Galactosidase 2.5 21 .0 24.1
3 -Glucuronidase 
3 -Acetylglocos-
6.4 28.4 19.6
aminidase 6 8 .8 144.3 299.7
Aryl sulphatase B 9.7 42.7 149.4
b) Total Acid phosphatase 46.3 11 .8 7.5
a c t iv i ty Acid Lipase 19.0 6 .2 1.3
(n^-moles/min/ Acid DNase 23.3 26.1 17.3
10b ce lls ) Cathepsin D 0.7 2 .0 0.3
Aminopeptidase B 9.9 1.4 0.4
3-Galactosidase 3.2 2.4 1.1
3-Glucuronidase 
3-Acetylglucos-
8 .2 3.2 0.9
aminidase 8 8 .2 16.4 13.6
Aryl sulphatase B 12.4 4 .8 7.1
carbohydrate of the p re feren tia lly  internalised glycoprotein. This enzyme, 
together with 3-glucuronidase and aryl sulphatase B are needed fo r  the 
degradation of heparin which is taken up into endothelial c e lls .  
Aryl sulphatase B is indeed most highly enriched in endothelial c e lls .
l . f  LYSOSOMES OF THE RAT KIDNEY CORTEX
i )  Glomerular and tubular lysosomes
A glance at standard histology textbook reveals that the kidney
contains more than 12 d iffe ren t cell types. Hence one would expect to
find extreme heterogeneities of d if fe re n t organelles amongst such a variety  
of c e lls .
The e a r l ie s t ,  and to th is  day, the most comprehensive subcellular 
study of the kidney cortical lysosomes, that of Straus (1956, 1964a, 
1964b) indicated the presence of at least three d if fe re n t size
populations, which also showed d is t in c t  enzyme differences. Further 
subfractionation studies merely confirmed the enormous heterogeneity of 
cortical lysosomes (Wattiaux-de-Coninck et a l , 1965; Shibko and Tappel, 
1965; Price and Dance, 1967; Golstone and Koenig, 1972) and also
il lu s tra te d  the lim itations of such methods in establishing the c e l lu la r  
orig in  of the d iffe ren t lysosomal populations. Some of the differences in 
acid hydrolases were attributed to two d is tinc t cortical regions when 
Helwig et al (1977) noted that isolated glomeruli and tubules had quite  
d iffe ren t enzyme complements. However, the most s ign ificant demonstration 
of enzymic heterogeneity was provided by Le H ir et al (1979). By very
careful microdissection of the whole nephron into 10 regions they showed 
that d if fe re n t lysosomal enzymes had quite d iffe ren t a c t iv it ie s  and 
distributions along the nephron. The most strieking observation was that  
the proximal tubule was richest in a l l  the acid hydrolases measured w hilst  
the glomerulus contained re la t ive ly  l i t t l e .  However, the profiles  of the 
enzymes along the nephron were a l l  s ig n if ican tly  d i f fe re n t .  Acid 
phosphatase was highest in the proximal tubule, s l ig h tly  lower in the 
glomerulus and lowest in the distal tubule. 3 -galactosidase was very low 
in glomeruli, high in the proximal convoluted tubule and very high in the 
f i r s t  region of the straight proximal with progressively lower a c t iv i ty  
down the rest of the tubule. NAG was extremely low in glomeruli, showed a 
d is t in c t  peak in the convoluted proximal tubule, was low elsewhere in the 
tubule but showed a second peak in the collecting duct. Whilst c lea rly  
most renal lysosomal enzymes are involved in handling reabsorbed 
macromolecules in the proximal tubule acid phosphatase may have an unknown 
function in the glomerulus and NAG may be involved in glycosaminoglycan 
metabolism in the collecting duct.
The high acid hydrolase content of the proximal tubule ce lls  is a 
re flection  of this region's high degradative capacity. The well 
established function of the proximal tubule is the endocytic uptake of low 
molecular weight macromolecules, especially proteins (<60,000) which 
readily  traverse the glomerular f i l t e r  ( fo r  review of the f i l t r a t i o n  
b arr ie r  see Farquhar, 1975) into the tubular lumen. This uptake mechanism 
can cope with elevated levels of luminal proteins such as commonly occurs 
when the glomeruler basement membrane is damaged ( ie  autoimmune and toxin  
induced glomerulonephritis). The renal handling of plasma proteins and 
exogenous proteins has been discussed in some detail by Strober and 
Waldmann (1974), Maunsbach (1976), Galaske et al (1979) and Pesce et al 
(1980). Some of the proteins which are known to be catabolised in renal
lysosomes are  l i s t e d  in  ta b le  1 .4 .
The proximal tubule lysosome (protein droplet,hyaline droplet) has 
received much attention since i t  was f i r s t  noted by Mollendorf and Stohr 
(1924). Because of th is  popularity and i ts  well documented catabolic  
function i t  has frequently been regarded, quite wrongly, as the only renal 
lysosome. Although the 'protein droplet' is involved in the catabolism of 
numerous proteins (see table 1.4) i ts  enzymes are unable to degrade a ll  
proteins which are taken up, Fc and Fab fragments of immunoglobulins being 
very resistant to breakdown (Wochner et a l , 1967). The 'protein droplet' 
also cannot degrade Dextran (Christensen and Maunsbach, 1981), indicating  
a lack of glycosidase which can cleave the a ( l - 6 ) linkage.
Morphological examination of the 'droplet' has shown i t  to be about 
2-5y in diameter. Its  matrix is normally very electron dense and quite 
homogenous, whilst the membrane is sharply defined but often 
indistinguishable from the dense matrix. The 'droplets' are not always 
spherical but often have d is t in c t t a i ls  and tadpo le -like  shapes. 
Equilibrium density gradient centrifugation bands the 'protein droplets' 
at a density of 1.23g/ml which is considerably higher than normal 
lysosomes ( 1 . 20 ) and is indeed consistent with th e ir  high protein content 
(Straus, 1964a, 1964b, and Maunsbach, 1966).
The lysosomes, which are found in renal ce lls  other than those of the 
proximal tubule, are not particu la r ly  well documented. In the glomerulus 
the podocytes are often seen to contain lysosome-like granules, which have 
not been spec if ica lly  studied but, are probably involved in the 
maintenance of the basement membrane (possibly breakdown of defunct 
portions of the BM). The renin-containing granules which can be 
considered as specific types of lysosomes are discussed in the next
Proteins which are catabolised in the lysosomes of proximal tubule 
c e lls .  '
PROTEIN MOL.WT. REFERENCE
Al bumi n 69,000
$2 microglobulin 11,800
Retinol binding protein 21,000
Immunoglobuli n fragments 
L-chain and 
Bence Jones protein
20,000  -  
46,000
F e rr i t in 480,000
Haemoglobin 68,000
Myoglobin 17,000
Metallothionein 6,700
Lysozyme 14,000
Parathyroid hormone 9,000
Growth hormone 21,000
Insulin 5,700
Tyrosinase 34,500
Ribonuclease 12,600
Horseradish peroxidase 40,000
Cytochrome C 12,400
Maunsbach (1966)
Maunsbach and Christensen (1974) 
Lauwerys and Bernard (1982)
Wochner £ t  aj_ (1967)
Christensen et aj_ (1981)
M il le r  (1960)
Anderson (1972)
Pesce et £]_ (1980)
Ottosen et a !  (1979)
Kau and Maack 
Johnson and Maack (1977) 
Chamberlain and Stimmler (1967) 
Oliver and Essner (1972)
Davison (1973)
Graham and Karnovsky (1966) 
Christensen (1976)
*  Some of the proteins lis ted  were experimentally administered and are 
not normally present in blood as endogenous proteins.
section. The kidney apparently does not have the equivalent of the livers  
Kupffer c e l l ,  ie .  a d is tinc t macrophage and hence no cell type equipped 
with the powerful lysosomal system required for degradation of 
phagocytosed material.
By a combination of subfactionation and morphological examination 
Straus (1964a and 1964b),in his pioneering work on kidney lysosomes noted 
th a t ,  in addition to the protein droplets of the proximal tubule, smaller 
lysosomes (0.2 -  1 .5y) are found in the terminal portion of the outer 
cortex and in the other sections of the tubule are even smaller (0 .5 -  
l y ) .  Small lysosomes were recovered in the microsomal fraction of the rat  
kidney cortex by Goldstone et al (1973). This microsomal fraction also 
contained some dense (1.23g/ml) lysosomes, but i t  is not c lear i f  these 
represent a d is tinc t population of protein droplets or were formed by 
vesiculation of the large droplets during homogenisation.
N-acetylglucasamindase is localized in the proximal tubule and in the 
collecting duct (Le Hir et al ,1979). Since th is  is the only acid hydrolase 
so fa r  found in the collecting duct one may speculate that the region of 
the tubule contains specific lysosomes enriched in NAG. However, i t  could 
also be argued that the enzyme in the collecting duct is not lysosomal but 
may be the microsomal isoenzyme (N-acetylglucosamindase C). Since the 
assay methods employed by Le H ir et al (1979) could not distinguish between 
the d iffe ren t isoenzymes i t  is not possible to determine i f  the NAG is 
lysosomal or not.
i i ) Lysosomes and Renin granules.
The enzyme renin, involved in the regulation of blood pressure, is 
localised, in i ts  active form, in the granules of the ep ith e lio id  ce lls  of
the juxtaglomerular complex and in the inactive (high mol.wt.) form in the 
cytosol of the same cells  (Sagnella et a l , 1980). Renin granules have 
been shown cytochemically to also contain acid phoshatase, NAG, 3-  
glucuronidase and aryl sulphatase (Soltesz,1979). In hypertension, induced 
by the artery c l ip  method, renin release is accompanied by the release of 
some acid hydrolases (Artizzu et a l , 1979) which also suggests that renin 
granules are e ither lysosomes or are very closely associated with them. 
Subcellular studies have characterised renin granules as f a i r l y  small (0.5  
y )  with an equilibrium banding density of 1.203g/ml. They are therefore  
smaller and less dense than the protein droplets. However, we already 
know that the kidney cortex also contains smaller lysosomes (0.2 -  1.5 
and 0.5 -  ly ,density 1.203g/ml). Thus i t  seems that renin granules have 
exactly the same physical and enzymic properties as small lysosomes. One 
possib ility  is that renin granules and lysosomes are d is t in c t organelles 
but may fuse during or prior to renin release. Although the release of 
renin c learly  somehow involves the acid hydrolase the re la tion  of renin 
granules to lysosomes controversy remains unresolved.
Morpholgically, renin granules, although much smaller, appear to be 
sim ilar to 'protein droplets '. They are both very electron dense, appear 
to have no obvious membrane but a sharply defined edge and are not 
exclusively spherical but may have d is tinc t t a i ls .
l . g . PROBLEMS OF PURIFYING LYSOSOMES
Morphometric analysis reveals that the lysosomes of the l iv e r  
represent about 1% of the l iv e r  cell volume (Blouin et a l , 1977). Thus 
theore tica lly  the maximuriT purif ication  attainable is 100. This also means 
that a 10-fo ld  purified preparation as may be achieved in a ca re fu lly  
prepared classical ' L' fraction (Beaufay, 1969), contains only 10%
lysosomal m a te r ia l  w ith  90% being a t t r i b u t a b l e  to  o th e r  o rg a n e l le s .
Since i n i t i a l l y  a l l  isolation procedures are based on fra tionatio n  in 
sucrose desity gradients, i t  is worthwhile examining the sedimentation 
behaviour of lysosomes in th is  commonly used gradient solute. This is 
best achieved by observing S-p diagram (Fig 1.5) which summarises the size 
(mass) of the partic le  or organelle as i ts  sedimentation rate , and i ts  
equilibrium banding density. From Fig 1.5 i t  is clear that the lysosomal 
population of the l iv e r  overlaps with rough ER vesicles, mitochondria and 
peroxisomes both in size (sedimentation rate) and in equilibrium density. 
In none of these cases are the other organelles identical with lysosomes. 
Thus i t  can be predicted that purif ication  of lysosomes w il l  be d i f f i c u l t
but not impossible. I t  is important to note that the banding densities
( p )  of subcellular orgelles depend largely on the gradient material being 
used. I t  is thus possible to construct d iffe ren t S-p diagrams fo r
d if fe re n t gradient materials and assess which is the most applicable fo r  a 
particu lar separation. Examples of th is  approach to purifying l i v e r  
lysosomes are given in the next section ( l . g . i ) .  The p u rif ica tio n  of
lysosomes has been reviewed in great detail by Beaufay (1969) who
concentrates on the l iv e r  but also describes the kidney and polymorphs. 
Reid (1972) on the other hand provides an extensive l i s t  of lysosomal
preparations from many tissues. The approaches which may be adopted to  
deal with the problems outlined in the S-p diagram are described below.
i )  Minimising mitochondrial contamination.
Mitochondria are undoubtedly the most s ign ificant contaminant of a l l  
l i v e r  lysosomal preparations. According to Beaufay (1969) even a 
carefu lly  prepared 1L1 fraction contains mitochondria as the main
component, with over 60% of the protein being mitochondrial* Since the
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Fig 1.5 S-p diagram defining the sedimentation properties of 
cells and organelles in sucrose gradients. Dotted 
line represents damaged mitochondria. Protein droplets 
are the large lysosomes of kidney proximal tubule cells.
sedimentation coefficients of lysosomes and mitochondria are so s im ilar  
(see Fig 1.5 and Beaufay et a l , 1959) this results is not surprising and 
has led to the widely accepted conclusion that by rate sedimentation
lysosomes cannot be purified more than 10-fold. A further problem in 
preparing lysosomes free of mitochondria is that equilibrium banding in 
sucrose causes mitochondria to shrink because of hypertonicity and
hydrostatic pressure (Wattiaux, 1973) thus increasing th e ir  density
(Beaufay, 1969) to a value which is identical with the banding density of 
lysosomes ( 1.20  -  1.21 g/ml).
In order to reduce the mitochondrial contamination in th e ir  lysosomal 
preparation, Van Dijk et a l , (1976) employed a novel approach by incubat­
ing the l iv e r  * ML1 fraction with INT and succinate. The process deposited 
large amounts of the Iodine containing tetrazolium on (or in) the 
mitochondria and thus increased th e ir  sedimentation rate and banding
density. This treatment apparently had no adverse e ffect on the lysosomes 
which were purified about 60-fo ld . Wattiaux et al (1978), realis ing the 
l im itations of sucrose as the density gradient medium for iso lating  
lysosomes, resorted to an extensive study with metrizamide. The e ffo rts  
were well rewarded with the observation that in metrizamide lysosomes had 
a lower banding density (1.13) than mitochondria (1.16) and u t i l iz in g  th is  
property they achieved the highest purification  ever reported (approx. 73- 
fo ld . Pertoft et al (1978) found that in Percoll ( a PVP coated collo idal  
s i l ic a )  lysosomes banded at a density of 1.09 g/ml. However, the 
mitochondrial peak was at 1.11  but i t  overlapped s ig n if ic a n t ly  with the 
lysosomes suggesting that mitochondria were a s ign ificant contaminant of 
the lysosomal preparation. Unfortunately no pu rif ica tion  values were 
quoted by Pertoft et al (1978) thus no estimate of contamination can be 
made. Percoll and other particulate media, such as F ico ll -  also used fo r  
lysosomal preparations (Futai et a l , 1972), o ffe r  one d is t in c t  advantage
over sucrose in being essentially non-osmotic and they can consequently be 
made isotonic at any density.
i i )  Minimising peroxisomal contamination. Beaufay (1969) in his extensive 
t re a t ise  concludes that 'lysosomes isolated by d if fe re n tia l  centrifugation  
are l ik e ly  to contain more peroxisomal than lysosomal m a te r ia l ' .  This is 
not at a l l  surprising since the sedimentation rates of the two organelles 
are almost identical (Fig 1 .5 ) .  A big improvement in the separation of 
peroxisomes from lysosomes can be achieved by equilibrium banding, ( in 
sucrose) since the banding density of peroxisomes is about 1.24 g/ml but 
the s ign ificant overlap between the bands of the two orgapelles does not 
permit a complete separation. Even better separation of lysosomes and 
peroxisomes can be achieved by means of metrizamide since the banding 
densities are further apart. The highly purified lysosomes prepared by 
Wattiaux et al (1978) were estimated to contain only 0.3% peroxisomal 
protein.
i i i )  Minimising ER contamination. The S-p diagram (Fig 1.5)a lso  
demonstrates that vesicles derived from endoplasmic reticulum (ER) overlap 
s ig n if ica n tly  with lysosomes both in density and sedimentation ra te .  
These are most l ik e ly  the large vesicles of rough ER which band at a 
density of about 1.22 g/ml. This type of contamination is frequently  
noted but rarely discussed. Van Dijk et al (1976) found some 20% ER 
contamination in th e ir  f in a l lysosomal preparation but do not discuss th is  
or suggest how i t  may be reduced. I t  is surprising that no attempts have 
been made to reduce the rough ER contamination amongst lysosomal 
preparations by degranulating the rough ER with EDTA (Dallner and Ernster, 
1968). This approach to reducing the ER contamination has been adopted in  
th is  study to achieve a good purif ication  of normal rat l iv e r  lysosomes 
[see Chapter 3 section a. and Chapter 4 section a . ] .
iv ) Problem of in terpreting marker enzyme data. This is a common problem 
arising from the heterogeneous d is tr ibu tion  of a specific marker enzyme 
normally attributed to one organelle. The best example of th is  is quoted
by Wattiaux et al_ (1978) whose lysosomal preparation is apparently
contaminated with 20% plasma membrane (PM) as judged by 5-nucleotidase 
a c t iv i ty .  However, by careful cytochemical staining they demonstrated 
that the enzyme is genuinely located in lysosomes and thus cannot in th is  
case be considered as an ideal PM marker. Another common anomaly arises  
from assaying glucose-6-phosphatase in the lysosomal preparations to  
assess the ER contamination. I f  th is  enzyme is assayed in the absence of 
the ta r t r a te ,  which inh ib its  acid phosphatase a c t iv ity  (Wattiaux et a l , 
1978) most of the a c t iv i ty  w il l  be due to the non-specific action of acid 
phosphatase on G-6-P, thus indicating on erroneously high ER
contamination. This question of in terpreting marker enzyme data is
discussed in detail in re la tion  to purif ica tion  achieved in th is  study 
(see Chapter 4 section a . ) .
v) P urif ica tion  of lysosomes by electrophoresis. As well as separating 
lysosomes by density gradient centrifugation the method of free -f lo w  
electrophoresis has also been applied (Stahn et a l , 1970) with some 
success but the preparation gave purif ications which varied between 40 and 
240 fo r  d if fe ren t acid hydrolases. Such variation made i t  d i f f i c u l t  to  
assess the purif ication  and suggested that some lysosomal sub-populations 
were being purified better than others. Although today the free -f lo w  
electrophoresis equipment is commercially available no applications of 
th is  technique to purifying lysosomes have been cited in the l i te r a tu r e .
v i ) Perturbation of lysosomal density. This has in the past been the most 
popular method of purifying lysosomes. However, lysosomes whose density  
has been altered by such lysosomotropic agents as Triton WR-1339 (Wattiaux
et al_, 1963), Iron-sorbitol complex (Arborgh et a l , 1973a.% Dextran
(Thines-Sempoux, 1968), colloidal gold (Henning and P la ttn e r , 1974) etc. 
cannot be considered as normal. [N.B. Since the work presented in th is  
thesis has involved purif ication  of normal, unaltered lysosomes th is  
approach to pu rif ica tion  w il l  not be discussed in more d e t a i l . ]
l . h .  RIBONUCLEASES OF RAT LIVER CELLS.
The term nuclease encompasses a wide range of enzymes which break 
down nucleic acids. The properties and c lass if ica tio n  of these enzymes 
have been described in deta il by Roth (1967), Davidson (1972) and others. 
Whilst many nucleases have been well characterised and shown to vary 
enormously in s p e c if ic ity ,  the nucleases of the l i v e r  are poorly 
characterised. Indeed not a single hepatic nuclease is c lass if ied  in the 
IUB Commission on Enzyme Nomenclature (1978). In the present work hepatic 
nucleases have been studied by assaying to ta l nuclease (exo- and endo- 
a c t iv i ty )  by using RNA as the substrate and by assaying phosphodiesterase 
(which includes exo-nucleases a c t iv ity )  with bis-p-nitrophenylphosphate as 
the substrate.
Hepatic nucleases are abundant in a l l  the major subfractionns of the 
l i v e r  indicating that probably a l l  the organelles and c e l lu la r  structures  
contain nucleases. A b r ie f  summary of these nucleases and th e i r  
distr ib u tio n  among the major organelles is given below.
i )  Nuclear fraction  nucleases. This fraction contains a broad s p e c if ic i ty
Ribounclease with a pH optium at 9 -  9.5 (Rahman et a l , 1967) and is
2+
equally active in the presence of Mg or EDTA (Prospero et a l , 1973). 
Since the 1N* fraction contains a high proportion of the plasma membrane
(PM) much of the RNase a c t iv i ty  in th is  fraction is a ttr ibu tab le  to the
Mg-dependent PM enzyme. Other enzymes reported in the nuclei appear to be
highly specific (Liau et a^, 1968; Prestayko et_____ aX> 1972). The
controversy of whether the nuclear frac tion  contains acid RNase in addition  
to the a lka line  RNase remains unresolved (Burge, 1973).
i i )  Plasma membrane RNase. The PM possesses a well characterised a lk a lin e
RNase and a phosphodiesterase (Prospero et a l , 1973). Both a c t iv i t ie s ,
which are most l ik e ly  due to the same enzyme, have optima at pH 8 .7  and a
2+
strong dependence on Mg whilst being inactivated by EDTA. According
to Bartholeyns et a^, (1975) th is  enzyme is completely inhib ited by
o
preincubation at pH5 and 50 C.
i i i )  Mitochondrial RNase. A comprehensive study of mitochondrial
nucleases (Baudhuin et al_, 1975) indicated that three enzymes are
associated with these organelles: a lka lin e  RNase (pH optimum 8 . 8 ) ,  a lka lin e  
DNase (pH-optimum 7.6) and nucleases acting on poly A (pH optimum 7 .5 ) .  The 
poly A nuclease is probably the same enzyme as the pH 7.8 'n e u t ra l1 
mitochondrial RNase (Roth, 1967). All the three enzymes appear to be 
located in the inter-membrane space and th e ir  to ta l a c t iv i ty  is a major 
contribution (80%) to  the to ta l nuclease a c t iv i ty  of the l iv e r  homogenate.
iv ) Lysosomal nucleases. The major nuclease of lysosomes is the c lassic
acid enzyme (pH optium 5.0) as ty p if ie d  by i ts  latency. However, in the
l iv e r  two a lka line  RNases (pH optima 8 .0  and 9 .5) have been shown to be
associated with lysosomes (Rahman et a l , 1967). The pH 8 lysosomal enzyme
2+
exhibits s l ig h t ly  higher a c t iv i ty  with EDTA than with Mg and shows no 
latency, suggesting that i t  is located on the outer side of the lysosomal 
membrane. Burge (1973) also found tha t the a lka line  phosphodiesterase had 
sim ilar properties and d istr ibution  to the a lka line  RNase.
Bartholeyns et al (1975) have, however, concluded that the lysosomal 
'neutra l' RNase (pH 7.6) is of extrahepatic origin and may represent the 
circu lating  pancreatic RNase a c t iv ity  taken up into secondary lysosomes of 
the l iv e r .  This conclusion is based on the apparent latency of the enzyme 
and the uptake of parenterally in jected, 1125 labelled , pancreatic RNase 
into l iv e r  lysosomes. The authors do concede that th e ir  results "do not 
exclude the possible existence of a neutral RNase of hepatic orig in".
v) Nucleases of the ER. There is no d irect evidence fo r  the existence of 
specific ER located nucleases, but they most l ik e ly  exist as i t  is widely 
accepted that a l l  the subfractions of the l iv e r  contain nucleases (Rahman 
et a l , 1967). Norris et al (1971) noted that 'microsomes' which contain 
at least 60% of the ER exhibit nuclease a c t iv ity  which is s im ilar to that  
of the purified PM, thus suggesting that an ER enzyme would have s im ilar  
properties to the PM alkaline RNase.
v i) Supernatant RNase. This represents a s ignificant proportion of the 
to ta l l iv e r  RNase, however, the a c t iv i ty  is supressed by the endogenous 
cytosol located RNase in h ib ito r (Roth, 1967)., This "s ign ificant  
proportion" may not represent the in vivo cytosolic nuclease content since 
even the gentlest methods of tissue homogenisation release organelle  
associated material into the cytosolic frac tion . This is well i l lu s tra te d  
by the presence of lysosmal acid hydrolases in this fraction . I t  is also 
known that mitochondria are easily  stripped of the outer membrane 
(monoamine oxidase is always present in the microsomal f ra c t io n ) ,  thus the 
mitochondrial nucleases would very l ik e ly  be released from the in te r ­
membrane space into the cytosolic fraction . The cytosolic RNase 
a c t iv i ty ,  measured by inhib iting the endogenous in h ib ito r ,  according to  
Burge (1973) exhibits a single broad pH curve between 5 and 8 .
The function of the endogenous, cytosol located, RNase in h ib ito r  is 
most probably to protect ribosomes and polysomes from whatever nucleases 
are present in th e ir  v ic in ity .  Thus the presence of the in h ib ito r  in the 
cytosol does not necessarily mean that the cytosol also contains 
nucleases.
l . i .  AIMS OF THE PRESENT STUDY.
The in i t ia l  broad objective of this study was to examine and 
characterise the various populations of rat l iv e r  and kidney lysosomes 
with respect to heterogeneity, enzyme and protein composition and 
morphology by employing the la te s t density gradient centrifugation  
techniques to fractionate and isolate the lysosomes.
The specific question of the causes of lysosomal heterogeneity was to  
be investigated by a systematic study of the distributions of various 
marker enzymes and acid hydrolases amongst l iv e r  lysosomes which would be 
subfractionated by rate sedimentation and isopycnic banding. Two types of 
heterogeneity were considered as particu la r ly  in teresting; (1) Is membrane 
association of some specific acid hydrolases responsible fo r the 
heterogeneous d istribution of lysosomal enzymes? To answer th is  question 
methods for p a r t ia l ly  disrupting lysosomes and fractionating the lysosomal 
membrane were to be investigated and developed. (2) Can the heterogeneity 
in a l iv e r  homogenate be explained by the differences between the 
lysosomes of parenchymal (hepatocytes) and non-parenchymal ce lls  (Kupffer 
and endothelial)? For this i t  was intended to f i r s t l y  achieve a success­
ful separation of the two cell types and subsequently examine th e ir  
lysosomal d istributions.
Throughout the fractionation studies the distributions of a number of
marker enzyes, particu larly  those of the plasma membrane, were to be 
examined for th e ir  association with lysosomes, in order to assess i f  the 
presence of such enzymes could indicate the exchange and transfer of 
membranous material between organelles.
I t  was also considered essential to develop a large scale method for  
isolating highly purified lysosomes from normal rat l iv e r .  Such a method 
( fo r  which ideas had been collected over a number of years) would provide 
reasonable quantities of lysosomal material for further characterisation. 
As well as examining the enzyme content of the highly purified lysosomes 
the ultimate goal of such a preparation, would be to raise anti-lysosomal 
antibodies. With the pure preparation, the antibody and antisera to  
serum, b ile  and various other organelles the powerful technique of 
immunoelectrophoresis could be used to determine the origins of lysosomal 
proteins. Are they unique to lysosomes or are they common to other 
organelles, serum, b i le ,  etc?
The work on kidney lysosomes in it ia te d  by collaborative work with Dr. 
K.J. Andersen, University of Bergen, Norway was centered on three 
objectives;
1) Examine the lysosomal populations of the kidney cortex, which are 
known to be very heterogenous, by applying the expertise and techniques of 
subtractionating l iv e r  lysosomes. Surprisingly th is  was necessary because 
no systematic characterisation of renal lysosomes had been conducted since 
the pioneering days of the m id - f i f t ie s .
2) Develop a single step gradient fractionation method which would give 
a p ro fi le  characteristic  of the normal kidney lysosome populations.
3) By reference to the normal p ro fi le  examine and compare the changes 
which may occur in the profiles of renal lysosomes from experimental 
animals (eg glomerulonephritis, tubular damage, hypertension, e tc . ) .  
Relate the data from the experimental animal to the diseased kidney in 
man.
CHAPTER 2
MATERIALS AND METHODS
2 . a . MATERIALS AND CHEMICALS
In general, a ll  chemicals and biochemicals were of analytical grade. 
Most were obtained from BDH L td . ,  Hopkin and Williams L td .,  Fisons L td .,  
Koch-Light Ltd. or Sigma Chem. Co. Ltd.
Mineral water sugar (sucrose for density gradient work) was obtained 
from Tate and Lyle Ltd. Osmic acid, glutaraldehyde, propylene oxide and 
EPON embedding resin (812) fo r  electron microscopy were bought from TAAB 
Laboratories (Reading). A n t i- ( ra t  serum) was obtained from Dako (Mercia 
Brocades, B yfleet). Agarose (Indubiose, Industrie Biologique Francais, 
Villeneuve) was from Uniscience Ltd. (Cambridge). Carrier free Iodine
125 was obtained from the Radiochemical Centre (Amersham) as a Sodium 
Iodide solution.
2.b. ANIMAL PROCEDURES
i ) Animals
Male hooded rats of the University of Surrey strain were used in a l l
the experimental work on ~1 iver lysosomes and the isolation of d if fe re n t
l iv e r  cell types. However, male Wistar rats were used in the isolation
and characterisation of kidney lysosomes. In both cases the animals were
between 6 and 8 weeks old and weighed 200-250g. New Zealand White
rabbits were used to raise a n t i - ( r a t  l iv e r  lysosomal membrane) and a n t i-
( ra t  l iv e r  lysosomal contents) antisera. All animals were supplied by
the University of Surrey Animal Unit and were housed under constant 
o
temperature (20 ) and normal lighting  (12h light/dark) conditions.
i i ) Surgical Methods
For the preparation of d iffe ren t l iv e r  cell types the hooded male 
rats were f i r s t  anaesthetised with Sagatal (May and Baker, Dagenham) by 
intraperitoneal (IP ) injection of 0.2 ml/200g animal. The peritoneal 
cavity was carefu lly  opened, ensuring that the diaphragm was not damaged. 
The viscera were pushed to the right to expose the hepatic portal vein. 
Two ligatures of surgical thread were put round the hepatic portal vein 
but not tightened. The lower ligature  (furthest from the l iv e r )  was 
tightened to stop the blood flow and the hepatic portal vein was nicked 
with a pair of fine irridectomy scissors. The pre-prepared p lastic  
cannula (already connected to the perfusion pump) was quickly inserted 
into the vein and tied  on securely with the l ig a tu re .  After s tarting the 
perfusion pump the chest cavity was quickly opened and the in fe r io r  vena 
cava cut to allow the l iv e r  perfusate to drain out. The rest of the 
procedure is described in section j . i i ) .
The Wistar rats for intravenous (IV) in jection of 1125 labelled  
lysozyme were anaesthetised with Sagatal, as above. The animal was la id  
on its  back and the front paws were sellotaped to the dissecting board. 
An incision of about 1.5cmwas made in the l e f t  side of the neck. With 
careful clearing of the fa t ty  and connective tissue, the l e f t  jugular vein 
was exposed. The syringe needle (25g x 5 /8 in) was care fu lly  inserted 
through the upper part of the pectoral muscle into the jugular vein and
0.2-0.4ml of 125 labelled lysozyme were injected. Putting the needle 
through the muscle helped to steady the syringe during insertion and 
in jection.
2 c CHEMICAL ESTIMATIONS
i ) Protein
Protein was assayed by an autoanalyser modification (Schuel and
Schuel, 1968) of the Lowry et al (1951) procedure, which had been further
modified to include the sodium hydroxide digestion step (Hinton and
Norris, 1972). With th is  automated method two s e n s it iv ity  ranges were
available. The high s e n s it iv ity ,  covering the range of 0.01 to 1 mg
protein/ml, was normally used to determine the low levels of protein in
the fractions from isopycnic lysosome experiments (see Chapter 3 section
a . i i ) .  The low s e n s it iv ity ,  covering the range of 0.1 to 2 mg/ml, was
used for a l l  the other protein determinations. A stock solution of 2
o
mg/ml bovine serum albumin (Sigma London Chem. Co.), stored at -25 when 
not in use, was diluted to make a range of standards.
Protein was also assayed, in some cases, with the 'Bio-Rad' protein  
k i t .  The usable range of this assay was 0.02 to 1 mg/ml. This method, 
o rig in a lly  described by Bradford (1976), was pa rt ic u la r ly  useful fo r  
assaying small samples (0.1ml) from sucrose density gradients. Whilst 
the Lowry method is affected by sucrose and hence requires correction  
(Section i . )  the Bio-Rad assay is unaffected since the sucrose is diluted  
out by the large volume of reagent.
i i ) Phosphate
Inorganic phosphate, released by the phosphatase enzymes l is te d  in 
Section d i ) ,  was assayed by the autoanalyser modification (Marzban and 
Hinton, 1970) of the Lowry and Lopez (1946) procedure. Immediately 
before loading into the autoanalyser the samples were centrifuged to
sediment the precipitated protein. A series of standards, ranging from
0.1 to 2ji mol e/ml, were made up in duplicate from a stock solution of 2
]i mol /ml NaH P0 and were adjusted to the TCA concentration in the 
2 4
unknowns (1 ml standard + 1.5 ml 6% TCA).
i i i )  RNA
Total RNA in the tissue fractions was determined by the method of 
Fleck and Begg (1965).
iv ) Hydroxy proline
This amino acid is reported to be a major constituent of basement 
membranes and as such is a valuable marker for these structures. (Meezan 
et a l , 1975) L-hydroxyproline was assayed by a s lig h tly  modified method of 
Nobbs et al (1975). The assays were performed on some kidney cortical 
fractions in order to assess the amount of basement membrane present.
Reagents:
1. C itrate /acetate  buffer pH 6.0
C itr ic  acid monohydrate 50g 
Sodium acetate tr ihydrate  120g 
Sodium hydroxide 34g
Glacial acetic acid 12ml
These were dissolved in about 600 ml d is t i l le d  water and a f te r
checking and, i f  necessary, adjusting the pH to 6.0 the to ta l volume was 
made up to 11 with d is t i l le d  water.
2. Chloramine T solution contained 0.7g chloramine T and 15ml of propan-2 
ol diluted to 50ml with c itra te /ace ta te  buffer (reagent 1). This 
solution is unstable and must be used within lOmin.
3. 'Colour reagent'. This contained 12.5g p-Dimethylaminobenzaldehyde 
dissolved in 25ml PCA (60% w/w) and made up to 250ml with Propon-2 o l.  
This solution is stable fo r  2h.
4. L-Hydroxyproline standard. The stock solution of lOmM (131 mg/lOOml) 
was diluted with d is t i l le d  water to give a range of standards from O.OlmM 
to 0.5mM.
5. Other solutions and reagents
Trichloroacetic acid 6% w/v
Trichloroacetic acid 60% w/v
Bovine serum albumin 2mg/ml (Sigma Chem. Co.)
Perchloric acid 60-62% w/v 
Phenolphthalein solution 1% w/v in ethanol 
Propan-2 ol (AR grade)
Hydrochloric acid 2N 
Hydrochloric acid Cone.
Potassium hydroxide 12N
Method The sens it iv ity  of th is  method proved to be rather low fo r  
detecting the OH-proline in the zonal fractions. I t  was therefore  
necessary to take as large a sample as possible.
a. To 15ml of sample (zonal fractions and diluted reference fractions)  
were added 1ml of BSA (2mg/ml) and 1.5ml of 60% w/v TCA.
b. The precipitated protein was spun down (2,500 rev/nrin) and washed once 
with 2ml ice cold 6% w/v TCA.
c. The f inal precipitate  was resuspended in 1.5ml d is t i l le d  H 0.
2
After adding 1.5ml of Cone. HC1, the samples (contained in screw capped
o
Sovirel tubes) were sealed and were l e f t  for 24h at 100 to hydrolase 
the protein. In the original method, the hydrolysis is achieved by 
incubation with a strong cation resin (Dowex 50 WXS).
d. The cooled samples, containing phenolphthalein as an ind icator, were 
neutralised with su ff ic ien t 12N K0H to just give a pink colour.
e. After noting the volume 1ml was removed for assay and decolourised 
(ac id if ied ) with 1 drop of 2NHcL.
f .  1ml of propan-2 ol was added and mixed.
g. A fter adding 0.5ml of freshly prepared chloramine T solution (reagent
2) and mixing, the samples were l e f t  to  stand fo r  5 min.
h. 5ml of 'colour reagent' (reagent 3) were added. Samples were mixed
o
and then incubated at 50 fo r  30 min.
i .  A fter cooling, the absorbance at 560 nm was measured against a reagent
blank.
Standards were diluted from the lOmM stock of L-hydroxyproline to give the
required range. 1ml of each standard, in duplicate, was treated exactly  
as the unknowns from point e. of the assay procedure. Substrate blanks, 
containing no sample but only BSA, were also measured. The reagent blank 
contained 1ml of water and like  the standards was processed as the 
unknowns a f te r  point e.
2.d ENZYME ASSAY METHOD
Enzymes were assayed on fresh samples. Unstable enzymes such as glucose-
6-phosphatase and succinic dehydrogenase were assayed immediately a f te r
collecting the subcellular fractions. Other, stable enzymes were assayed
o
within 3 - 4  days. Samples were stored at -23 .
i ) Enzymes releasing inorganic phosphate (Phosphatases)
Three phosphatase enzymes were routinely assayed using an 
adaptation of methods described by Hinton et al (1969).
1. 5 '-Nucleotidase The assay mixture contained 0.5 ml sample (enzyme),
0.4ml 0.25M Tris-HCl, pH 7.8 containing 12.5mM M Cl and 25mM Na(+)
3 2
ta r t ra te  and 0.1ml 50jnM AMP, adjusted to pH 7 .8 .
2. G1 ucose-6-phosphatase The assay mixture contained 0.5 ml sample 
0.4ml 0.3M DMG, pH 6.5 containing 25mM EDTA and 25mM Na(+) ta r t r a te  and
0.1ml 50mM G-6-P, adjusted to pH 6 .5 .
3. Acid phosphatase The assay mixture contained 0.5 ml samples, 0.3ml
0.3M Na acetate, pH5.0, 0.1ml 0.016 (w/v) digitonin and 0.1ml IM Na B- 
glycerophosphate, adjusted to pH 5 .0 .
o
A fter incubation at 37 , for  a period of between 15 and 80 min, the 
reaction was stopped by adding 1.5ml of 6% (w/v) TCA. The prec ip ita te  was 
removed by a b r ie f  spin at I,500g and the c lear supernatant was assayed 
for inorganic phosphate ( c . i i ) .
To allow for free phosphate present in or released from the substrate 
during incubation a substrate blank, containing water instead of sample 
(tissue fra c t io n ) ,  was also assayed. S im ila r ly , to correct fo r  the 
presence of endogenous inorganic phosphate in each sample, a tissue blank 
containing water instead of substrate was assayed.
i i )  Enzymes releasing p-nitrophenol
The autoanalyser method of Hinton and Norris (1972) was used fo r  the 
assay of enzymes which release p-nitrophenol (pNP) from the appropriate  
substrates. Details of the assays are presented in Table 2 .1 .
Normally the reaction was stopped with IN NaOH th is  being fed via the 
correct l in e  of the manifold. In the case of a lka line  phosphodiesterase, 
when MgCl£ was included in the assay, the NaOH stopping solution also 
contained 0.25M EDTA. Use of IN NaOH was found to give unacceptably high 
blanks when assaying N-acetyl-$-D-glucosaminidase. The reaction was
therefore stopped with 0.3M glycine, pH 10.9. This caused much less 
hydrolysis of the substrate (p-nitrophenyl N-acetyl 3 -glucosaminide) than 
occurred with IN NaOH and thus gave much lower substrate blanks.
Table 2.1 In i t ia l  concentrations of solutions used in the autoanalyser 
method of assaying pNP-releasing enzymes
Assay Substrate A c tiva to r/ In h ib ito r
1
Acid phosphatase lOmM pNP phosphate
3
Acid phosphodiesterase lOmM bis pNPphosphate lOmM EDTA
Acid 3-galactosidase 5mM pNP 3 -galactoside
Acid Sulphatase lOmM pNP sulphate *
4
Acid esterase 3.3mM pNP acetate
Acid N -acetyl-3-D- lOmM pNP N-acetyl
glucosaminidase 3 -D-glucosaminide
2
Alkaline phospho­
diesterase lOmM bis pNP phosphate lOmM MgCl
2
1. All acid enzymes were assayed in the presence of 0.3M sodium acetate 
buffer, pH 5 .0 , containing 0.2% w/v Triton x-100.
2. Alkaline buffer for the phosphodiesterase assay was 0.25M Tris-HCl, pH 
8.0.
3. Acid phosphodiesterase was, in some experiments, assayed in the 
presence of EDTA in order to abolish sp illover a c t iv i ty  due to the 
alkaline enzyme.
4. pNP acetate is d i f f i c u l t  to dissolve in water. I t  was made up as a
6.3 mg/ml solution in methanol, and diluted 100-fold in H 0 (with
2
constant s t ir r in g )  just before use.
i i i ) Nucleases
1. Ribonuclease
RNase a c t iv ity  was measured by an adaptation of the method described 
by de Duve et al (1955). This method was used for both a lka line  and acid 
RNase. Samples were pipetted out in duplicate and were treated exactly  
as lis ted  below.
Alkaline RNase Acid RNase
0.5 ml sample (enzyme)
0.3 ml 0.25 M Tris-HCl, pH 7.8
0.1 ml 50 mM'MgCl or 50 mM EDTA 
2
0.5 ml sample 
. 0.3ml 0.1 M DMG, pH 5.6 
0.1ml 0.016% w/v dig itonin
The reaction was started by adding 0.1 ml of a 10 mg/ml solution of
RNA (Calbiochem Ltd. Torula RNA grade B). After vigorous s t ir r in g  on a
o
Whirlimixer (Fisons Ltd.) the tubes were incubated for 45-90 min at 37 . 
The reaction was stopped by adding 1.5 ml ice-cold 10% PCA containing 
0.25% Uranyl acetate. This reagent precipitates a l l  oligonucleotides 
with more than 4 -  6 nucleotides (Burge, 1973). Since uranyl acetate  
absorbs s ign if icantly  at 260nm, the wavelength used to detect the acid- 
soluble m aterial, i t  was necessary to dispense the precipitant extremely 
accurately. The most suitable automatic dispenser fo r th is  application  
proved to be the Oxford pipettor S-A (Boehringer Corp.).
Two or three substrate blanks containing a ll  the reagents but no
sample were also incubated to measure any endogenous breakdown^ of the 
substrate. For each unknown tested, a tissue blank was also performed in 
order to correct fo r any acid-soluble material present in the sample. 
These were treated exactly as above except that the samples were 
precipitated with PCA immediately a f te r  addition of RNA.
A fter adding the precipitant the samples were l e f t  to stand in ice  
fo r  about 45 min before being centrifuged (at 2,200 £  fo r  10 -  20 min) to  
remove the p rec ip ita te . The supernatants were diluted with an equal 
volume of water before measuring the absorbance at 260 nm.
2. Nucleases hydrolysing Poly U
Alkaline nuclease a c t iv ity  towards PolyU was measured by a method 
developed from the alkaline ribonuclease procedure. However, in view of 
the need to assay numerous samples and the high cost of Poly U, the assay 
was essentia lly  miniturised to contain:
0.2ml tissue sample (enzyme)
0.04 ml 50 mM MgCl or 50 mM EDTA
2
0.04 ml 1 mg/mg PolyU
0.12 ml 0.2 M, pH 7 .8 , T r is .
All assays were done in duplicate, with a substrate blank containing
0.2 ml water instead of tissue sample. A complete set of tissue blanks
containing a ll  the ingredients, but precipitated immediately a f te r
addition of the substrate were also done. The reaction was stopped with
o
0.6 ml of FCA-Ur acetate and l e f t  at 4 for 20-40 min. The tubes were
spun at 2200 £  fo r  15-20 min and the supernatant was decanted into clean
tes t tubes before d ilu ting  with an equal volume of d is t i l le d  water and 
reading the absorbance 260nm.
Because of the rather low substrate (PolyU) concentration the assay 
was valid provided that a value of 0.2 (A260) was not exceeded. In cases
when a reading higher than 0.2 was obtained, the a c t iv ity  was checked by
using a higher concentration of PolyU in the assay. The assay mixture 
was exactly the same as described above except that each tube contained
200vg polyU instead of 20yg. This assay was also checked with respect to
time and sample d i lu t io n , and proved to be linear  up to an absorbance of
3.0 at 260 nm. This method of checking the a c t iv ity  of poly U'ase was 
used in favour of assaying a diluted sample. _
i i i )  Nucleases hydrolysing PolyA
This was assayed exactly as for the PolyU hydrolysing a c t iv i ty  except 
that the substrate was PolyA.
iv ) Succinic dehydrogenase
This classical marker enzyme fo r mitochondria was assayed by the
method of Pennington (1961) which re lies  on INT as the f in a l acceptor.
o
After incubation at 37 for 2 to 20 min, the reaction was stopped with 
TCA and the reduced dye was extracted in ethyl acetate before measurement
at 490 nm. A tissue blank containing malonate instead succinate was 
assayed for each sample.
v) Catalase
Catalase was assayed by the autoanalyser method described by Leighton 
et al (1968).
v i)  Cathepsin D
This acid protease was assayed as described by Barrett (1967).
v i i )  L-Leucyl-3-naphthylamidase
This enzyme was measured by the method described by Hubscher-et al 
(1965). The assay mixture contained 0.5ml sample, 0.25 ml 0.2M phosphate 
bu ffe r, pH7.0 and 0.25 mis 1.06mg/mls solution of L-leucyl-3-naphthylamide  
dihidrochloride. After incubation, fo r 45-60 min, the reaction was 
stopped by addition of 0.5 ml of 6% (w/v) TCA. The precip ita ted protein  
was removed by a b r ie f  sedimentation. The resultant 3 -naphthylamine, 
released by the enzyme action, was assayed by an autoanalyser method 
developed by Norris (1973). 3 -naphthylamine standards in the range 2-30
g/ml were treated exactly as the unknowns (1 ml standard + 0 .5 ml 6% TCA).
v i i i ) Monoamine Oxidase (MAO)
The MAO assay method, based on that of Krajl (1965), was developed in 
our laboratories by Norris (1973). The procedure described below is
essentially  a scaled down version of Norris' method.
The assay mixture contained
0.5ml sample
0.5ml 0.2M Sodium phosphate buffer, pH 7.4
0.5ml Kynuramine dihydrobromide 100 ug/ml
o
This mixture was incubated at 37 for 30-60 min. The reaction was 
stopped with 1ml of 6% PCA. After spinning down the prec ip ita te  1ml the 
supernatant was removed and added to 2ml of IN Sodium hydroxide. The 
fluorescence of the samples was measured with the emission set at 380nm 
and excitation at 315nm. I t  was important to take the fluorescence 
measurements f a i r ly  quickly since the samples were prone to turn yellow on 
prolonged standing.
Standards of 4-hydroxyquinoline were made up in the range of 2-100
nmoles/ml. 1ml of standard was added to 2ml of IN NaOH and the
fluorescence was determined as for the unknowns. Reagent (no sample and 
no substrate) and substrate (no sample) blanks were also measured.
2.e . ELECTRON MICROSCOPY
i )  Cytochemical staining for acid phosphatase
Subcellular fractions containing intact lysosomes and lysosomal 
fragments were examined by electron microscopy a fte r  cytochemical staining  
for  acid phosphatase.
Fractions collected a fte r  zonal centrifugation [section k . iv )  and
k.v)J were pooled, diluted with d is t i l le d  water and spun (130,000^ fo r
2h). The pe lle t  was resuspended in a small volume (5-10ml) of 0.25M
sucrose, containing lOmM 5 ' -UMP or 2 '3 , -UMP ( in  some cases lOOmM sodium 3-
glycerophosphate adjusted to pH5), 50mM pH5.0 acetate buffer and 2mM lead
o
n itra te .  The mixture was incubated at 20 fo r  about 30 min. During
incubation, small aliquots were tested for the release of inorganic
phosphate by adding ammonium molybdate/ascorbic acid and observing the
blue colour. When a vivid blue colour was observed (20-40 min) the
o
reaction was stopped by cooling to 4 and immediately spinning down the
particulate material (250,000c[ fo r 30 min). The pe lle t  was fixed in 1%
o
glutaraldehyde for 20 min at 4 . I t  was then washed a number of times 
with 0.25M sucrose containing 0.05M sodium cacodyl ate pH 7.4 to ensure 
complete removal of the glutaraldehyde. A fter th is  stage the p e lle t  was 
treated exactly as described in the following section (osmic acid 
f ix a t io n , dehydration and embedding).
i i ) Fixation and dehydration
For morphological examination of l iv e r ,  kidney, isolated l iv e r  ce lls  
and subfractions, i t  was found advantageous to f i x  in glutaraldehyde (1% 
in isotonic sucrose) fo r 30 min. In some cases when examining l i v e r ,
th is  step was omitted. Perfusion f ixa tion  of l iv e r  and kidney was found 
not to o ffer  any advantages.
In a ll  cases i t  was essential to remove a l l  traces of glutaraldehyde 
with successive washes with 0.25M sucrose containing 0.05M sodium 
cacodyl ate pH 7.4. The material was then fixed for lh in 2% osmium 
tetroxide made up in 0.25M sucrose and 0.05M sodium cacodyl ate pH 7 .4 .  
The samples were dehydrated with two 15 min washes in each of the ethanol 
series: 25%, 50%, 75%, 90% and absolute. At th is  point, i t  was
sometimes convenient to leave the samples overnight, before transferring  
them into propylene oxide.
i i i ) Embedding
After another transfer into propylene oxide the samples were
transferred into a 50:50 mixture propylene oxide: EPON 812. The Epon
resin, consisting of four components,.. was mixed exactly as prescribed in
the Taab Laboratories Method Sheet to give an average hardness resin.
Samples were then transferred into the EPON 812 mixture, and a f te r
o
ensuring that they had sunk into the resin were polymerised at 60 fo r  
48h.
iv) Section cutting and counterstaining
This procedure was kindly provided as a service by the University of
Surrey, Structural Studies Unit. The Epon blocks were trimmed to expose
the tissue sample and sections 700A thick (s i lv e r  grey colour) were cut
using the Reichert OMU-3 ultramicrotome (Reichert-Jung L td . ,  Slough).
They were counter-stained in 2% Uranyl acetate and 4% lead c i t ra te  fo r  20 
o
min in each at 60 .
v) EM Examination and photography
The sections were examined in a Jeol 100B electron microscope (Jeol 
UK L td .,  London). Photomicrographs were taken v i^th the automatic camera 
of the microscope, on Kodak "Electron Image Film". The micrographs were 
printed on grade 2 I l fo rd ,  Ilfospeed 2.1M paper by the University of 
Surrey, Audio Visual Aids Department.
2 . f  RAISING OF ANTI-(LIVER LYSOSOMAL MEMBRANE) AND ANTI-(LIVER LYSOSOMAL 
CONTENT) ANTIBODIES
i )  Preparation of antigens
Highly purified lysosomes were prepared as described in Chapter 3, 
Section a . i i )  and Section k .iv )  and v) of this chapter. Lysosome-rich 
regions consisting of 4-5 fractions from each of four separate zonal 
experiments (average purification of 49-fo ld) were pooled. The pooled 
material was diluted with three volumes.of d is t i l le d  water to give a f in a l
volume of about 340ml. This was necessary in order to d ilu te  out the
concentrated sucrose, thus permitting subsequent pe lle ting  of the 
particu late  m aterial.
Lysosomes in the pooled sample were disrupted as previously described
by Dobrota and Hinton (1974). Aliquots (about 40 ml) of the pooled
lysosomal preparation were homogenised with the Ultra-Turrax (Model TP
o
18/10 Janke and Kunkel, Belmont, Surrey) for 1 min, at 4 . Lysosomal
membranes were pelleted by centrifuging the disrupted sample at 130,000^ 
or 2 1/2 h. The pellets were re-suspended in PBS1A' (see Section j . i )  
th is  chapter) and sedimented again. The supernatant was combined with 
the supernatant from the f i r s t  spin and the whole was concentrated by
pressure f i l t r a t io n  using a "Diaflo" pressure c e l l ,  with a PM-10 membrane 
(Amicon Ltd ., Stonehouse, G los.). This material, representing lysosomal 
contents ( 1LC1) was f in a l ly  concentrated to 4.1 ml and contained 0.78 mg 
protein/ml. The lysosomal membrane ( ' LM') pe lle t  which was re-suspended 
in 4.0 ml of PBS'A' had a protein concentration of 0.56 mg/ml.
i i ) Immunisation
The concentrated antigens ('LM' and 'LC') were prepared for in jection  
into rabbits as follows 0.5 ml of antigen was mixed with 1 ml Freunds 
adjuvant to form a suspension. This was injected as 0.75 ml aliquots  
into each thigh muscle of the rabbit. The f i r s t  in jection contained 
Freunds complete adjuvant whilst the subsequent three in jections,  
administered at two week in terva ls , and the f in a l boost, given 6 weeks 
a fte r  the fourth in jection, a l l  contained the incomplete adjuvant.
Only two rabbits were used. The 'LM' rabbit received 0.28mg of  
protein on each of the five  injections whilst the 'LC' rabbit received
0.39 mg protein each time.
i i i ) Preparation of Anti sera
The rabbits were bled, from the ear vein, on the 9th day a f te r  the
las t in jection (the boost). The serum was separated and the globulin
fraction was precipitated by carefu lly  adding, w h ilt  s t ir r in g  in the cold,
an equal volume of saturated ammonium sulphate solution. The mixture was
o
le f t  in the cold (4 ) overnight and the precip ita te  was collected by 
centrifugation at 7000^ fo r  20 min. The precipitate  was dissolved in a 
small volume of d is t i l le d  water (less than 1/3 of original serum volume), 
transferred to a dialysis sac and dialysed against 0.9% NaCl fo r 2 days.
The dialysed samples were transferred to graduated test tubes and stored 
o
at 4 , a fte r  addition of sodium azide to give a concentration of 15mM.
2.g RADIO IODINATION OF LYSOZYME
i)  Preparation of Iodogen tubes. lOOyg "Iodogen" (Pierce and
Warriner, Chester) was dissolved in 400yl dichloromethane. 20yl of th is
solution was dispensed into polypropylene test tubes (Luckham Laboratories
o
LP3). The tubes were put into a 37 water bath for lh to evaporate o ff
the solvent. They were f in a l ly  blown dry with nitrogen (oxygen-free).
o
After capping the tubes were stored in a desiccated container at -25 .
i i )  Iodination. Into each of four Iodogen tubes was added 10yl 0.5  
mg/ml lysozyme (Boehringer, Lewes, Sussex) and lOyl NaI125 (200 C). The 
solid phase Iodogen oxidises the Nal releasing nascent iodine which reacts 
with the phenolic groups of the tyrosine residues in the protein. The 
reaction was stopped a fte r  8-10 min by addition of 200yl of 0.05M, pH 7.4  
phosphate buffer to each tube. The contents of the four tubes were 
pooled and applied to a Sephadex G-25 (medium) prepacked column 
(Pharmacia, Uxbridge). Most of the protein came o ff  in 1.5ml immediately 
a fte r  the void volume (3 .0 m l) .  This lysozyme solution was prepared 
either on the day before or on the same day as i t  was needed for  
intravenous injections [see Chapter 3, Section e . i ) ] .
2 *h EXAMINATION OF LYSOSOMAL PROTEINS
i)  Polyacrylamide gel ielectrophoresis
Proteins of lysosomal origin were examined by two d if fe re n t SDS- 
polyacrylamide gel electrophoresis methods a) single concentration gels
(e ith e r  10% or 12.5%) with a stacking gel (3%) and discontinuous buffer 
system, b) gradient gels ranging in concentration from 3 to  27%.
Prior to application to e ither of the two gel systems the samples of 
lysosomal and other proteins were solubilised in a solution containing
62.5 mM Tris-HCl pH 6.8 
2.3% (w/v) SDS 
15% (v /v) glycerol 
8% (v/v) mercaptoethanol
0.001% (w/v) bromophenol blue
This SDS containing buffer was added to the samples in the 
appropriate amounts to adjust the protein concentration to an optimum of 
about 3 yg / y l .  I t  was, however, important fo r  the e f f ic ie n t
solubilisation of the sample that the proportion of buffer to sample was 
in a l l  cases greater than 1. After addition of the SDS buffer, the 
samples were placed in a boiling water bath for 3 min.
1. Single concentration gel with a stacking gel The separation of
various protein samples with th is slab gel system was kindly performed by 
John Connelly, who developed the method for examining microsomal proteins. 
This polyacrylamide system, which was adapted from the method of Laemmli 
(1970), employed a 10% or 12.5% gel (in an a lkaline buffer) and a 3% 
stacking gel ( in  a pH 6.8 b u ffe r) . The samples were applied to the wells 
in the stacking gel (15 yg protein/well and electrophoresed a t a
current of 20mA until the bromophenol blue had formed a sharp band in the 
running gel. The current was then increased to  40mA and electrophoresis 
continued for about 3h until the bromophenol blue band was some 5 mm from 
the bottom edge of the gel.
2. Gradient gels The separations were performed using commercially 
available gels (3-27% Polyacrylamide) and apparatus (Universal S c ien tif ic  
L td . , Woodford Green, Essex). Since the gels supplied did not contain 
SDS, i t  was necessary to prerun them in the SDS-containing electrophoresis 
( ' ta n k ')  buffer. The tank buffer contained: 12g Tris base + 57.6g
glycine, dissolved in d is t i l le d  water and adjusted to pH 8 .9 ,  20ml of 10% 
w/v SDS and f in a l ly  made up to 21 with d is t i l le d  water. The samples were 
applied to the gel and were electrophoresed at a current of 80-100 mA 
until the bromophenol blue was within 5 mm of the bottom of the gel 
(usually complete within 3h). These gels could not be run to equilibrium  
because the pore size, even with the 27% gel, is large enough to allow 
proteins smaller than 60,000 mol wt to permeate out of the gel.
3. Staining of gels to visualise the proteins Both types of gel were 
stained with Coomassie B r i l l ia n t  Blue R250, which was made up as fo llow s:-  
5g of stain dissolved in 11 of ethanol/acetic acid/water (9 :2:9) and 
f i l te r e d .  The gels were stained t o r  18h.
Destaining was achieved by repeated changes of ethanol/acetic  
acid/water (9:2:9) over a period of 3-4 days.
i i )  Immunoelectrophoresis Methods
Lysosomal proteins were also examined by crossed
im m unoelectrophoresis . The methods employed were e s s e n t ia l ly  as
described by Axel sen et al (1973). For th is work a range of antisera  
were employed :-
A n ti- ( ra t  l iv e r  lysosomal membrane) 
A n ti- ( ra t  l iv e r  lysosomal contents) 
A n ti- (ra t  l iv e r  plasma membrane) 
A n ti- ( ra t  l iv e r  microsomes)
A n ti- (ra t  l iv e r  cytosol)
A n t i- ( ra t  b ile )
(Mullock et al 1978) 
(Wooley et a l , 1979)
(see Section f . )
(see Section f . ) 
(Mullock et al 1977) 
(Mullock et_al_, 1979a)
Anti-(rat'serum)-purchased from Mercia Brocades (West Byfleet 
Surrey).
The proteins examined by these techniques were lysosomal membranes 
( ‘ LM1) and lysosomal contents ( ‘ LC1) which were prepared in exactly the 
same manner as the antigens u t i l ise d  fo r  raising the two antibodies [see 
Section f . i ) ] .  Indeed stock antigens l e f t  over a fte r  immunisation were 
pooled with subsequent preparations thus ensuring homogeneity between the 
immunising antigen and the antigen analysed. The samples of 1 LM1 and 
'LC1 were assayed for th e ir  protein concentration (by the automated Lowry 
procedure, see section C . i ) .
Prior to electrophoresis, in agarose gels, the samples were 
‘ solubilised1 by addition of an equal volume of a detergent mixture 
containing 1% w/v sodium deoxycholate and 1% Lubrol W (also known as
Cirrasol ALN-WF, ICI Ltd). The samples were l e f t  for  3h at 4 . A fter
o
application they were stored at -25 fo r  future immunoelectrophoresis 
runs.
o
1. Reagents
1) Stock buffer: barbitone-acetate (n= 0 .1 ) .  For 10 l i t r e s ,  65g of 
sodium acetate ( tr ih y d ra te ) , 88g sodium barbitone and 11.3g 
diethyl barbituric acid were dissolved in d is t i l le d  water. The pH should 
be 8 .6 .
2) Tank buffer: 3 l i t r e s  of stock [reagent 1 )]  was diluted with 2 l i t r e s  
of d is t i l le d  water.
3) Agarose buffer: stock buffer [reagent 1 )] was diluted with an equal
volume of d is t i l le d  water.
4) Agarose (Indubiose)/Lubrol W: 1% w/v solution of agarose was made up
in the agarose buffer (reagent 3 . ) .  To dissolve, th is  solution was 
heated and s t irred . Sufficient Lubrol W to give a 0.5% w/v concentration 
in the agarose was melted in a conical flask and the hot, dissolved 
agarose was poured over i t  with continual s t ir r in g .
2. Methods
o
10ml of molten agarose (maintained at 57 ) were poured onto each of 
8 glass plates (3 1/4 x 3 l / 4 in ) .  A fter cooling fo r  a few minutes two
sample wells were cut in the gel. The plates were put in a standard
electrophoresis tank (Chemlab L td . ,  I l fo rd )  which held 4 plates and was 
p re f i l le d  with tank buffer (reagent 2 ). 3-5^1 of sample ('LC' or 'LM')
were added to the left-hand well and a drop of concentrated bromophenol 
blue was added to the right-hand w ell. The plates were then 
electrophoresed (-ve at the sample end) at 200V fo r  about 2 l /2 h r  or un til
the bromophenol blue spot was within 5mm of the end of the plate. The 
layout of the plate is i l lu s tra te d  in Fig 2 .1 .
For electrophoresis in the second dimension the gel was cut, as shown 
by the dashed line  in Fig 2.1 and the agarose to the right of the sample 
track was scraped o f f .  Gel containing anti sera was then poured onto the 
remainder of the plate. In most cases these gels were s p l i t  with one 
portion containing one antiserum and the rest a d if fe ren t antiserum. 
This s p li t  gel technique is particu la r ly  suitable for examining proteins 
which may have antigenic properties common to other proteins. Antiserum 
was pipetted into a pre-warmed tes t tube which contained the appropriate 
volume of agarose ( f i r s t  s p l i t  gel was 3ml, and the second 6ml). Because 
of th e ir  d ifferent a v id it ie s , d iffe ren t concentrations of anti serum were 
used. The values quoted below are volumetric percentages of antiserum 
solution added to the agarose gel (the antisera were of s im ilar protein  
concentrations).
Anti- (ra t serum) 3%
Anti- ( ra t b ile ) 3%
Anti- (rat 1iver cytosol) 8%
Anti- ( ra t 1iver microsomes) 8%
Anti- (rat 1iver plasma membrane) 5%
Anti- (ra t 1iver 'LM') 6.6%
Anti- (ra t 1iver 'LC') 6.6%
The plates were repositioned in the tank with the 'sample track' next 
to the negative electrode and electrophoresed fo r  16-18h at a constant 
voltage of 40 volts .
F ig  2 .1  Layout o f gels d u ring  im m unoelectrophoresis
1st Dimension 2nd Dimension
BromophenolSamp!e
Gelsj containing 
two d if fe re n t  
anti l-sera
blue
3. Washing and staining of agarose gels
The gels were pressed dry by covering with layers of f i l t e r  papers 
and applying pressure (thick glass plates were ideal) fo r  10-15 min. 
They were then washed for lh in 0.9% (w/v) NaCl, pressed dry and washed 
again in saline for at least 2h. F ina lly  they were washed in d is t i l le d  
water for no less than 30 min and dried by means of a hair dryer.
The gels were then stained by immersion in Coomassie B r i l l ia n t  Blue 
fo r  about 10 min and destained in 3-4 rapid changes of the destainer. 
The destaining was complete in about 6 min. The solutions of stain and
destainer were of exactly the same composition as described in section
h . i )3 .
The gels were f in a l ly  l e f t  to dry at ambient temperature.
2 . i  DATA PROCESSING OF ENZYME DISTRIBUTIONS IN SUBCELLULAR FRACTIONS
Enzyme a c t iv i t ie s ,  gradient densities, protein concentrations, 
specific a c t iv it ie s  and enzyme recoveries were calculated by using a 
computer program developed by Hinton (1971), which also corrected the 
values obtained for the inhib itory e ffec t of sucrose (Hinton et a l , 1969) 
on the enzyme a c t iv it ie s .
Data from isopycnic spins were processed by a d if fe re n t computer 
program (also developed by Richard Hinton), which averaged the a c t iv i t ie s  
for  a number of experiments and presented them as enzyme (or protein) 
a c t iv ity  against discrete density increments (of 0.01 g /m l). This 
program was extremely useful for combining data from a whole batch of 
experiments.
Enzyme and protein results from the subfractionation of kidney cortex 
were corrected for the inhibitory e ffec t of sucrose (Andersen et al 1979). 
These inh ib ition  factors were determined during the course of establishing  
the conditions for fractionating the d if fe re n t populations of kidney 
cortex lysosomes.
2 . j  ISOLATION OF RAT LIVER HEPATOCYTE AND NON-HEPATOCYTE CELLS
Rat l iv e r  hepatocytes and non-hepatocytes were isolated by the method
of Seglen (1973a, 1973b and 1974) but with some minor modifications. The 
method, which involves perfusion of the l iv e r  with 
collagenase/hyaluronidase, was used in preference to the "slic ing method" 
of Fry et al (1976) because i t  gives much higher yields of viable ce lls  
(70-80% against 20%).
1. Solutions The solutions required fo r  the procedure are summarised in 
the table below.
1. 2. 3. 4.
PBS*A' Hanks PBS'A'+EGTA Hanks for  
collagenase 
+hyaluroni- 
dase
9
Phenol red
NaCI
KC1
CaCl anhyd. 
2
MgCl r6H 0 
1 2 
MgSO .7H 0 
4 2
Na HPO .H 0 
2 . 4 2  
KH PO 
2 4 
NaHCO
3
Glucose
EGTA
0.02
8.0
0.2
0.1
0.1
1.42
0.2
0.02
8.0
0.4
0.14
0.2
0.06
0.06
0 ‘ 35
1.0
0.02
8.1
0.2
0.1
1.42
0.2
0.02
8.0
0.4
0.55
0.06
0.06
0.35
1.0
0.19
litre
The weights given are su ffic ien t fo r  l '^ o f  solution.
Enzymes re q u ire d :
a) 0.05% collagenase (type IV, Sigma Chem Co.) +0.1%  hyaluronidase (type
I I ,  Sigma Chem Co.) made up in modified Hanks (Solution 4 ) .
b) 0.25% pronase (type XIV, Sigma Chem. Co.) made up in Hanks (solution
2).
i i )  Procedure
1. The rat was anaesthetised with ether and pinned out on a dissecting 
board. An ether mask was placed over i ts  face.
2. A fine polythene catheter was connected to a peri s ta tic  pump giving a 
flow rate of 4-10ml/min. The tube to the end of the catheter was f i l l e d  
with PBS'A'EGTA (Solution 3 ).
3. After opening out the abdominal cavity , the catheter was inserted into  
the hepatic portal vein.
4. The pump was started, followed immediately by opening the thorax and 
cutting the vena cava.
5. PBS'A' +EGTA (Solution 3) was perfused until 50-60ml had passed 
through the l iv e r .
6. The l iv e r  was perfused with collagenase/hyaluronidase fo r  about 15 
min, allowing about 50ml of enzyme to pass through.
7. The l iv e r  was removed carefu lly  from the animal and transferred onto a
glass plate. I t  was 'combed' with a stainless steel comb to form a
slurry .
8. The slurry was transferred to a 250 ml conical flask with 30-50ml
o
collagenase/hyaluronidase and incubated at 37 fo r  20 min.
9. The cell suspension was f i l te re d  through bolting cloth (Henry Simon, 
Stockport).
10. The f i l t r a t e  was centrifuged for 2 min at 250£ (1800 rev/min on an MSE
X- ' ■
Minor).
11. The supernatant and the upper part of the pe lle t were removed (and 
kept) without disturbing the lower part of the p e l le t .
12. The pelleted cells  were resuspended gently in Hanks saline (Solution
2) and were again pelleted fo r  2 min at 250g.
13. The cells  were resuspended and pelleted a further two times as in step 
12. The washes were discarded.
14. A fter discarding any striated layer at the top of the p e l le t ,  the
o
pe lle t  was resuspended in a small volume of Hanks and kept a t 4 . This 
is the 'Hepatocyte' preparation.
15. The supernatant and upper layer of the p e l le t ,  removed and kept in 
step 11), were now centrifuged for 10 min at 400^ (2000 rev/min MSE 
Minor).
16. The pe lle t was resuspended in PBS'A' and pelleted again as in 15.
0
17. The pe lle t was resuspended in Pronase and incubated for lh at 37 .
18. The cells  were pelleted as in step 15.
19. The cells  were resuspended in PBS'A' and pelleted a further two times 
as in step 15.
20. The f inal p e lle t ,  representing the 'Non-Hepatocytes' was resuspended
o
in a small volume of Hanks and kept at 4 .
i i i )  Examination of the Cells
Cells from the original s lurry  (step 7 ) ,  Hepatocytes (step 14) and 
non hepatocytes (step 20) were placed on a microscope s lid e , mixed with an 
equal amount’ of Trypan blue (0.5% in saline) and examined under phase 
contrast with a Leitz SM-Lux microscope at x 400 magnification. The 
Trypan blue exclusion dye indicated a v ia b i l i t y  of about 84% in the three  
preparations examined.
In the study employed the prepared ce lls  were not cultured but were 
quickly examined for in teg rity  by phase contrast l ig h t microscopy, and 
v ia b i l i ty  (Trypan blue exclusory method) and were then homogenised fo r  
subsequent subcellular studies [see chapter 3, section g . i i i ) ] .
2.k SUBCELLULAR FRACTIONATION METHODS
i )  Preparation of ra t l iv e r  and kidney homogenates
Male hooded rats (approx. 200g) of the University of Surrey s tra in  
were used for the preparation of l iv e r  homogenates. A fter  k i l l in g  the
animals (2-4 per experiment) by cervical fracture, the livers  were 
excised, minced with scissors and transferred into ice-cold , 0.25M sucrose 
containing 5mM, pH7.4 Tris-HCl. The tissue was then homogenised with 3 
to 5 strokes of a Potter-Elvejhem homogeniser (type C, A. Thomas Inc. 
Philadelphia). The homogenate was f i l te re d  through a coarse nylon sieve 
and made up with 0.25 M sucrose to a volume of 8 to 10 times greater than 
the weight of the l iv e r .
Homogenates of rat kidney cortex were prepared from the kidneys of 
male Wistar rats (approx. 200g). In some experiments the rats were 
anaesthetised with ether and th e ir  kidneys were perfused with isotonic  
saline. In most experiments, however, the kidneys were not perfused. 
Kidney cortices from 4-8 rats were carefu lly  excised, transferred into  
ice-cold 0.25M sucrose, containing 5mM, pH 7.4 tris-HCl and were then 
homogenised with 2-3 strokes of the Potter (as above) homogeniser. The 
homogenate was f i l te re d  through a coarse nylon sieve and made up to 10% 
w/v with the isotonic buffered sucrose.
i i )  Use of zonal rotors fo r  density gradient centrifugation
Throughout this study zonal rotors were used fo r  the large scale 
subfractionation of subcellular organelles. The advantages of zonal 
rotors and the principles of th e ir  operation w il l  not be covered as th is  
has been described in deta il by Hinton and Dobrota (1976) and other 
workers (Cline and Ryel,1971 and Chervenka and Elrod, 1972).
i i i ) Density gradient preparation
All density gradients used throughout th is  study were made with  
sucrose. A stock solution of 2M sucrose (68.54% w/v) was treated with
activated charcoal (34 g/1,Sigma Chem. Co.) to remove traces of nuclease 
and other protein contaminants (Steele and Busch, 1967).
This stock solution was diluted with d is t i l le d  water to make the
precise dilutions required fo r making gradients and the isotonic 0.25M
sucrose for homogenising.
The density gradients used in this study were a l l  l in ear  with volume 
and were made with our apparatus described by Hinton and Dobrota (1969).
The exact profiles of the gradients used in the various experiments 
are presented graphically in the figures in Chapter 3.
i v) Use o f  the 'HS' zonal rotor to subfractionate the * ML1 fraction  of
rat l iv e r  and kidney cortex
I .  Liver lysosomes A method of purifying lysosomes from rat l iv e r  was 
developed in this laboratory (Burge and Hinton, 1971).
Up to 25g of l iv e r  (2 rat l iv e rs )  was homogenised in 0.25M sucrose 
containing 5mM Tris , pH 7.4 with 3 or 4 strokes of the Potter-Elvejhem 
(2,400 rev/min). After spinning the homogenate at 600£ fo r  10 min the 
"nuclear" pe lle t was discarded whilst the supernatant was centrifuged at
I I ,5 0 0 £  fo r  15 min. The resultant pe lle t  (the 'ML' frac tion ) was 
resuspended in buffered 0.25M sucrose and loaded into the HS zonal rotor. 
The gradient was also buffered with 5mM T r is , pH 7.4 . A fter spinning the 
rotor at 9,000 rev/min for 40-45 min and decelerating i t ,  the gradient was 
unloaded and collected as 20ml fractions. During unloading the gradient 
was passed through a spectrophotometer and continuously monitored at 
650nm. The lysosome-rich region is found in the centre of the gradient,
usually between fractions 10 and 20 and may be located rapidly and 
re lia b ly  from the tu rb id ity  of the fractions. While the fractions
containing 'microsomes' and mitochondria are very turbid , the fractions in 
between these two regions are almost clear and contain most of the 
lysosomes.
A modification of the above method involved resuspending the 'ML' 
pe lle t in 0.25M sucrose containing buffer and 5mM EDTA and applying this  
sample onto the zonal gradient containing 2mM EDTA. The EDTA was
included to degranulate the rough endoplasmic reticulum and thus remove 
one of the major contaminants of the lysosome-rich region.
I f  more than 25g of l iv e r  were to be used i t  was necessary to s tart  
with a purer sample and thus avoid overloading the gradient on the zonal 
rotor. In th is  case the homogenate was spun at 2600£ fo r  10 min and the 
p e lle t ,  consisting of debris, nuclei and mitochondria, was discarded, 
whilst the supernatant was spun at 11,500£ fo r  15 min. The resultant
p e l le t ,  representing the classical 1L1 fraction was resuspended in the  
isotonic buffered sucrose containing 5mM EDTA. With this modification i t  
was possible to prepare lysosomes fro'm up to 14 rat l ivers  (equivalent to  
almost 200g of l iv e r )  in a single experiment.
2. Kidney Lysosomes
The kidney cortical homogenate, prepared as described in Section k . i  
was spun at 2000 rev/min fo r  3 min to pe lle t  the nuclear ( 1N1) frac t io n .  
This was resuspended, centrifuged again and the combined supernatants were 
spun at 10,000 rev/min fo r  3 min to  p e lle t  the ‘ ML1 frac tio n . This wash 
was found to improve the recovery of lysosomes in the 'ML' fra c t io n . The 
rather low £_-min value fo r  pelle ting the 'ML' fraction is as recommended by
Maunsbach (1966) fo r  preparing the large kidney granules.
The 'ML' fraction was further subfractionated by rate zonal 
sedimentation in an HS zonal rotor (MSE S c ien tif ic  Instruments). The HS 
zonal rotor contained 550ml of exponential sucrose gradient ranging from 
0.5M to 1.7M and 150ml of 2M sucrose as the cushion. The exponential 
gradient was made as follows : 300ml of 0.5M sucrose was s tirred  in the
mixing vessel, to th is  was added 1.8M sucrose at 40ml/min whilst the 
resultant gradient was withdrawn and pumped into the rotor at 40ml/min. 
The 'ML' fraction  was resuspended in approximately 25ml of 0.25M sucrose
and loaded into the HS zonal rotor which was then spun at 8,000 rev/min
fo r  lh . At the end of the spin 20ml fractions were collected fo r  the
various assays.
v) Use of the B-14 zonal rotor for isopycnic banding
1. In tact ra t l iv e r  lysosomes
In order to further purify lysosomes separated by rate zonal 
sedimentation, the whole o f the 1lysosome-rich' region was subjected to  
isopycnic banding in a second zonal spin at much higher speed.
The lysosome-rich region was pooled (ty p ic a lly  8-9 fractions) and 
loaded into a B-14 zonal rotor which contained 400 ml of l in ear (with 
volume) sucrose gradient from 0.8  to  2M and a cushion of 2M sucrose. The 
sucrose gradient also contained 5mM Tris-HCl, pH 7.4 and 2mM EDTA. The 
rotor was then spun overnight (16-18h) at 40,000 rev/min. In some cases 
the rotor was spun at 47,000 rev/min for 2h which is su ff ic ien t to achieve 
equilibrium. However, most of the isopycnic spins were done overnight 
fo r  practical convenience. At the end of the spin 20ml fractions were 
collected fo r  assays. '
2 .  D isrupted  l i v e r  lysosomes
Lysosomes from the rate zonal 'lysosome-rich' regions and the very 
pure lysosomes obtained a f te r  the isopycnic spin were disrupted by 
homogenisation with a Polytron PT 35 OD homogeniser fo r  1 min at 13,000 
rev/min. In some experiments an Ultraturrax (Model TP 18/10) homogeniser 
was used instead of the Polytron. Lysosomal fractions obtained a f te r  the 
isopycnic spin were pooled and then diluted with water to give a sucrose 
concentration of just under 0.8M, prior to the homogenisation.
The disrupted material was spun to equilibrium exactly as described 
above fo r  the in tact lysosomes.
3. Kidney cortex lysosomes
Lysosome-rich regions, separated by rate zonal sedimentation of the 
cortical ML frac tion , were pooled and spun to equilibrium in exactly the 
same manner as for l iv e r  lysosomes.
The pooled fractions were checked with respect to concentration by
measuring the refractive  index (and d ilu ting  with d is t i l le d  H 0 i f
2
necessary) and ensuring that the sucrose concentration was <0.8M. The 
pooled sample was loaded into the B-14 zonal rotor which contained 400 ml 
of lin ear (with volume) sucrose gradient from 0.8M to 2M and 200ml of 2M
sucrose as the 'cushion'. The gradient was buffered with 5mM Tris-HCl,
pH 7 .4 . The rotor was spun overnight, exactly as desribed in k .v ) l .
4. Subfractionation of l iv e r  and kidney 'microsomes'
'Microsomes' from either tissue were obtained conventionally by
spinning the post ML supernatant at 105,000a fo r  lh . The microsomal 
p e lle t  was resuspended in 20-30ml of 2M sucrose by using two strokes of 
the Potter-type homogeniser (rotating at 2,400 rev/min). The B14 zonal 
rotor was f i l l e d  with a l in e a r  sucrose gradient ranging from 0.6 to  2M and 
the resuspended 'microsomes' were loaded to the edge of the rotor (under 
the gradient). The rotor was f in a l ly  f i l l e d  with a cushion of 2.2M 
sucrose and was then spun overnight (approx. 16h) at 45,000 rev/min. At 
the end of the spin the gradient was unloaded from the rotor and collected  
as some 34 fractions (20ml each). The 'microsomes’ were thus
subfractionated by f lo ta t io n  rather than by sedimentation.
y
CHAPTER 3
RESULTS
3 . a PURIFICATION OF HEPATIC LYSOSOMES
Lysosomes were subfractionated from rat l iv e r  homogenates by the 
centrifugal techniques of d if fe re n t ia l  pelleting and density gradient 
centrifugation. Rate and isopycnic sedimentation in sucrose gradients 
were performed in zonal rotors as described in chapter 2 section k.
i )  Rate sedimentation The lysosomal populations of rat l iv e r  were 
i n i t i a l l y  examined by subfractionating the classical 'ML' and 1L1 
fractions by rate sedimentation in a zonal HS-type rotor (MSE S c ie n tif ic  
Instruments). The method developed in this laboratory is ideal for  
examining the rather heterogeneous hepatic lysosome populations, 
particu larly  since the large amounts of material which can be processed 
allow a wide range of marker enzyme distributions to be studied. I t  
demonstrates well how the sedimentation coeffic ient of lysosomes overlaps 
with those of mitochondria, peroxisomes and rough ER (see Fig 1 .5 ) .
A typical separation achieved by this method, presented in Fig 3.1 
shows 3 major regions. The f i r s t  band is the slow sedimenting peak of 
5'-nucleotidase and glucose-6-phosphatase a c t iv ity  which represents 
'microsomes'. The next rather broad band of acid hydrolases indicates
the wide spread of the lysosomal population whilst the rapidly sedimenting 
band of mitochondria (and other aggregated organelles) is indicated by the 
peak o f  succinic dehydrogenase. Catalase a c t iv ity  shows the presence of 
peroxisomes whose distribution overlaps with larger lysosomes and smaller 
mitochondria. All the acid hydrolases have s im ilar d is tr ib u tio ns , but
the subtle differences indicate lysosomal heterogeneity.(See Chapter 4, 
Section e ). The distributions of acid sulphatase and acid esterase
d i f fe r  s ign if icantly  from those of the other acid hydrolases, confirming 
th e ir  pre ferentia lly  'microsomal1 location. The d istr ibutions of other
Fig 3 .1
Distribution pattern of protein and marker enzymes a fte r  centrifuging fo r  
45 min at 9,000 rev/min in an HS zonal rotor an 1 ML1 fraction separated 
from a rat l iv e r  homogenate. The 'ML' fraction was prepared by 
centrifuging the 400 xjj, 10 min supernatant for 15 min at 11,500 x^. 
[see Chapter 2, Section k . i v ) ] .  The protein is given as mg/fraction; 
phosphatases and succinic dehydrogenase as umoles/min/fraction; enzymes 
releasing p-nitrophenol as ug p-nitrophenol released/min/fraction;  
ribonuclase as A260/min/fraction; Cathepsin D as A 280/min/fraction;  
catalase is given as units/m in/fraction (see Leighton et a l , 1968). In 
the experiment il lus tra ted  'ML' fraction deriving from 21g of l iv e r  was 
loaded onto the zonal rotor. The horizontal bar represents the lysosome- 
rich region (L region).
Every fraction was assayed but points were simply joined up with 
a smooth l in e  fo r  c la r i ty .
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enzymes such such as the nucleases and other plasma membrane markers are 
discussed in detail in Section d of th is  chapter and Chapter 4, Section c 
respectively.
The purpose of th is  rate separation was to study the heterogeneous 
d istr ibu tion  of lysosomes and also to u t i l is e  i t  as a means of further  
purification  by pooling the whole central region (indicated as the L 
region in Fig 3.1) and subjecting i t  to isopycnic banding. From the 
isopycnic spins (see next section and 4.e) i t  became clear that high 
pu rif ica tion  could not be achieved because the 1L1 region was contaminated 
with rough ER vesicles. From Fig 3.1 i t  is evident that large rough ER 
vesicles, as indicated by the leading edge of the G-6-P'ase peak, are co- 
sedimenting with small lysosomes. This is indeed confirmed
morphologically in Fig. 3.10 which shows that rough ER is the major
component of the 1L' region.
This contamination problem was solved by resuspending the 'ML1 
fraction in isotonic buffered sucrose containing 5mM EDTA in order to 
degranulate the rough ER and including 2mM EDTA in the sucrose gradient 
employed for the rate spin. These EDTA concentrations were chosen from 
the well-known effect of EDTA on degranulation of ribosomes from rough ER. 
Since the results were very encouraging these same EDTA concentrations 
were used through the study. When the concentrations were reduced to 2mM 
in the 'ML' resuspension medium and to ImM in the gradient in a d if fe re n t  
series of experiments, the rough ER was again completely degranulated 
suggesting that the in i t ia l  concentrations were perhaps too high. The
reduction of rough ER in the region of small lysosomes is shown by
comparing the G-6-P'ase pattern in Fig 3.2 with that of 3 .1 . This 
reduction in ER contamination is best i l lu s tra te d  quantita tive ly  by 
comparing the G-6-phosphatase recovery of 2.98% in the normal L region
Fig 3 .2
Distribution of protein and marker enzymes a f te r  centrifuging in an HS 
zonal rotor for 42 min at 9,000 rev/min, the rat l iv e r  1 ML1 fraction  
resuspended in 0.25M sucrose containing 5mM Tris HC1, pH 7.4 and 5mM EDTA. 
Protein and enzyme values are as for Fig 3 .1 . The horizontal bar 
indicates the lysosome-rich region (L region).
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with 1.88% in the EDTA-treated L region. Apart from a lte r ing  the glucose-6- 
phosphatase d istr ibution  the EDTA treatment had no e ffec t on the
distributions of acid hydrolases or other marker enzymes. The merits of 
using EDTA in the purif ication  of hepatic lysosomes are discussed in 
detail further on in th is section and in Chapter 4, Section a.
i i )  Isopycnic banding Further fractionation of lysosomes, 
separated by rate sedimentation, was obtained by subjecting the whole 1L' 
region (Fig 3.1) to isopycnic sedimentation in a B14 zonal rotor. This 
spin yielded a d istr ibution  pattern (Fig 3.3) which agreed well with the 
classical work of Beaufay et al (1964). All the acid hydrolases are 
located in a well-defined band at a mean density of 1.205 g/ml. The 
catalase trace shows th a t ,  as already well documented, peroxisomes are
denser than lysosomes and are rather fra g ile  with 4% of the catalase
(present in the whole gradient) being solubilised and remaining in the
sample region (indicated as a c t iv ity  recovered a density of 1.13 g /m l). 
The peak of G-6-P'ase marks the position of rough ER vesicles at a density 
of about 1.228 g/ml. Mitochondria, as indicated by the succinic 
dehydrogenase d is tr ib u tio n , have one peak at 1.165 g/ml and a second peak 
at 1.195 g/ml. These two regions probably represent normal and damaged 
mitochondria respectively. The band of damaged mitochondria overlaps 
with the lysosomes and probably represents the most s ign if ican t  
contaminant. The highest pu rif ica tio n , expressed as specific a c t iv i ty  of 
acid hydrolases over the specific a c t iv ity  of the homogenated (RSA) of 
lysosomes achieved in the peak fraction was 23 (see table  3 .1 ) .
Table 3.1 Purification*(enrichment) of acid hydrolases during rate zonal 
and isopycnic banding of the l iv e r  'ML' frac tion .
Acid phosphatase Acid ribonuclease
1L' region (see Fig 3.1)
Pooled lysosomal peak a fte r  
isopycnic banding (Fig 3.3)
Peak tube - isopycnic banding 
(Fig 3.3)
9.7
17.1
23.0
9.8
15.0
25.7
*The values are the ratios of the specific a c t iv ity  of the stated fractions  
or tubes to that of the whole homogenate.
Usually this method gave considerably lower pu-rification. The 5 ' -  
nucleotidase a c t iv ity  in these preparations, although low, was 
s u ff ic ie n t ly  active to obtain a d istr ibution  pattern. The peak at 
density 1.155 g/ml is consistent with the known banding density of plasma 
membrane, whilst the second band at 1.20 g/ml represents a c t iv i ty  which is 
due to the lysosomal 5 ‘ -nucleotidase (Wattiaux et a l , 1979).
Fig 3 .3
Distribution of protein and enzymes a f te r  isopycnic banding of the pooled 
L region (see Fig 3.1) in a B-14 zonal rotor fo r 16 h at 44,000 rev/min. 
The results of experiments are given as average distributions against 
density. The number of experiments is given in parentheses beside each 
t i t l e .  The values fo r distributions are the percentages of a c t iv i ty  (of  
the tota l sample applied) recovered in each 0.01 density increment. The 
hatched areas at each end indicate the percentage of a c t iv ity  found below 
l . l lg /m l  and above 1.24g/ml.
A typical computer output from which th is  type of graph was constructed is  
shown with data from each experiment and the average values with the 
standard deviations.
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The treatment of the hepatic 'ML' or in some cases ' L1 fraction  by 
EDTA was adopted as a basis fo r  preparing highly purified lysosomes. The 
pooled ' L1 region (see Fig 3.2) was then further fractionated by isopycnic 
banding in exactly the same way as already described (Fig 3.3) except that  
the sucrose gradient contained 2mM EDTA to ensure complete degranulation 
of rough ER. The results of a number of isopycnic spins were averaged 
and are presented as mean distributions against density (Fig. 3 .4 ) .  An 
indication of the v a r ia b i l i ty  of the isopycnic d istribution patterns is 
given by the typical computer output of the averaged distributions  
together with the standard deviations shown in the legend to Fig. 3 .3 .  
Acid hydrolases are found in a discrete band centred at a density of 1.205 
g/ml. In the absence of EDTA, lysosomes band at exactly the same density 
thus indicating that EDTA does not a lte r  th e ir  banding density or 
sedimentation rate .
The distributions of other marker enzymes d i f fe r  markedly from the 
pattern obtained without EDTA treatment. Glucose-6-phosphatase assayed 
in the presence of ta r tra te  ( in h ib its  non-specific acid phosphatase action 
on G-6-P) shows a single peak whose position is consistent with the 
density of smooth membrane vesicles (1.16 g/ml). The lysosomal band 
contains <0.1% of the to ta l homogenate G-6-P'ase. The need to include 
ta r t ra te  in the G-6-P'ase assay is well demonstrated by the appearance of 
a second G-6-P'ase peak which coincides with the lysosomes and is c le a r ly  
due to the hydrolysis of G-6-P'ase by acid phosphatase. Mitochondria, 
indicated by the succinic dehydrogenase a c t iv ity  are found as a broad band 
at a density of 1.16 g/ml but also spread well into the lysosomal region. 
The peak of peroxisomes (catalase trace) coincides almost exactly with 
lysosomes at a density of 1.205 g/ml which is rather surprising since 
peroxisomes are widely accepted as being denser than lysosomes. This 
could be due to an effect of EDTA possibly a ltering the
Fig 3 .4
Pattern obtained a f te r  ispycnic banding of the L region, (indicated in Fig 
3.2) under exactly the same conditions described in the legend of Fig 3 .3 .  
The L region was prepared by the EDTA treatment and fractionated in the 
isopycnic gradient which contained 2mM EDTA. The explanation of the
figure is exactly as fo r  3 .3 . The Glucose-6-Phosphatase d is tr ib u tio n  
given as the dashed line (— ) is the a c t iv ity  measured without ta r t r a te .  
The dashed line  of the succinic dehydrogenase trace represents the pattern  
obtained a fte r  a short isopycnic spin (2 l /2 h ) .
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density of peroxisomes or more probably to the position of the chosen L 
region which is such as to select smaller peroxisomes whose re la t iv e ly  
greater membrane content (surface area) would make them l ig h te r .  The 5 ‘ - 
nucleotidase, just as in the lysosomes prepared without the aid of EDTA, 
has a peak at the smooth membrane density of 1.155 g/ml and a d is t in c t  
shoulder in the lysosome region which is probably due to a lysosome- 
located 5 ‘ -nucleotidase and not PM contamination. I t  is also not l ik e ly  
to be due to acid phosphatase action on 5'AMP since the assay mixture 
contains ta r tra te  to in h ib it  such a c t iv ity .
The purif ication  and recoveries of lysosomal and other marker enzymes 
is presented in tables 3.2 and 3.3 respectively. The main feature of 
th is  purification method is that at the peak (density range 1.19 -  1.226 
g/m l), acid hydrolases are about 60-fold purified (Dobrota and Hinton, 
1980). This calculation is based on average figures from the 
purification  of just three of the most re liab le  marker enzymes [see 
Chapter 4, Section a .1 ) ] .  The average y ie ld  ( % of the homogenate) is
about 6% which is perhaps low but the method does allow the preparation of 
lysosomes from as much as 200g of l iv e r  in one single experiment. In a 
number of experiments the isopycnic separation was achieved in 2 1/2 hours 
spec if ica lly  with the aim of reducing mitochondrial damage and hence 
contamination of the lysosomal preparation. The dashed trace of succinic 
dehydrogenase in Fig 3.4 shows that the short equilibrium spin does indeed 
result in a mitochondrial peak which is better defined and overlaps less 
into the lysosomal peak. The usefulness of the short spin is discussed 
in Chapter 4, Section a . i i ) .
The structural morphology of the purified lysosomes, examined by 
electron microscopy, is presented in Fig 3 .5 . Most of the electron dense 
structures are lysosomes whilst some may be peroxisomes. The other
Fig 3.5
Morphology of highly purified lysosomes ( in  this case 51-fo ld)
The peak fractions were pooled and made up to 2% with respect to 
glutaraldehyde. Lysosomes were then pelle ted , washed in 2% 
glutaraldehyde and cacodyl ate buffer before f ix a t io n  in 1% osmic 
acid. The sample was then dehydrated, embedded, cut and 
counter-stained (see Chapter 2, Section e for d e ta i ls ) .  I t  was 
examined and photographed with the JEOL 100B electron microscope. 
Most of the dark, electron-dense, structures are lysosomes w h ils t  
some are probably peroxisomes. The empty vesicles may be of PM, 
ER or mitochondrial orig in . The magnification is x 35,800.
contaminants whose presence is also indicated by the marker enzymes, are 
membrane fragments and vesicles of PM, ER and mitochondrial orig in .
i i i ) Banding of non-hepatocyte lysosomes
To examine one aspect of lysosomal heterogeneity the lysosomes of the 
non-hepatocyte cells (endothelial and Kupffer ce lls ) were also studied. 
This work was done in conjunction with the characterisation of microsomes 
from hepatocytes and non-hepatocytes (th is  chapter, Section 3 . f . i i ) .  
Although the examination of the lysosomes was limited to a preliminary  
study the results obtained were most interesting.
The non-hepatocyte ' L' fraction was spun to equilibrium and yielded  
the d istribution pattern shown in Fig 3 .6 . The most notable feature is 
that the lysosomal enzyme acid phosphatase, peaks at density 1.205 g/ml, 
which is exactly the same as the equilibrium density of lysosomes 
fractionated from whole l iv e r .  The acid phosphatase also does not show 
any a c t iv ity  in the sample region which indicates that no damage of the 
lysosomes occurred during the re-suspension of the 1L 1 p e l le t .  However, 
the A650 trace, which is a good indicator of protein, shows that the 
sample region did contain some soluble proteins. The main protein peak, 
as judged by the A650 pattern, is found at a s lig h tly  lower density (1.18  
g/ml) than the lysosomal peak. However, in the absence of any suitable  
marker enzymes i t  is not possible to say which organelle is present in 
th is region. The pattern of 5 ' -nucleotidase, although obtained with 
extremely low enzyme a c t iv i t ie s ,  does show a d is tinc t peak at the same 
density as the lysosomes. I t  thus, most l ik e ly ,  represents a true  
lysosomal 5'-nucleotidase and not a peak of unusually dense plasma 
membrane fragments. The difference between the densities of acid 
phosphatase peaks in the lysosomes and the microsomal fraction  is
En
zy
me
 
ac
ti
vi
ty
, 
y
m
o
l
/
m
i
n
/
f
r
a
c
t
i
o
n
Acid Phosphatase
0.04
0 .2A650
0 .0 2
1.31.251.15 1.21.11.05
5'-Nucleotidase
0.001
0 —
1.05 1.15 1.31.2 1.251.1
DENSITY
Fig 3.6
Distribution of acid phosphatase ($-glycerophosphatase), 5'- 
Nucleotidase and A.650 (roughly equivalent to protein) after 
isopycnic banding of an !L ! fraction prepared from a non- 
hepatocyte homogenate. The 'L' fraction was layered over a linear 
sucrose gradient (0.6-2M) and spun in a 3 x 23 swing-out 
rotor at 30,000 rev/min for 16h.
as discussed in Chapter 4 , Sections e and g.
iv) Lysosomes and lysosomal fragments in the 'microsomal1 fraction
The method which was developed in this laboratory (Norris et a l , 
1974) to study the heterogeneity of microsomal vesicles also served well 
to demonstrate the complex d istr ibution  of acid hydrolases amongst the 
subfractionated 'microsomes' .  Fractionation was achieved by re-
suspending the microsomal fraction in 2M sucrose, layering i t  under the 
gradient and allowing i t  to f lo a t  to equilibrium in a zonal B14 rotor.  
The distributions of acid hydrolases, presented in Fig 3 .7 ,  show a c t iv i ty  
in three d is tinc t regions: the soluble protein which is located where the
sample was i n i t i a l l y  applied (density 1.23 g /m l), the region of highest 
acid hydrolase a c t iv ity  at a density of 1.20 g/ml which contains in tac t  
lysosomes and a d istinct shoulder at a density of 1.165 g/ml which 
represents smooth membrane-associated acid hydrolase a c t iv i ty  most l ik e ly  
derived from lysosomal membrane fragments. These three regions are 
marked a, b and c respectively in Fig 3 .7 . The fourth region indicated  
as d (a t density 1.145 g/ml) is due to 5 ' -nucleotidase-rich PM vesicles. 
To help in comparing the acid hydrolase d istributions, presented in Fig 
3.7 with the distribution of nucleases and PM and ER markers amongst the 
subfractionated microsomes, the same four regions are also marked a, b, c 
and d in Figs. 3 .21, 3.26, 3.27 and 3.28. Whilst region a is c learly  due 
to soluble proteins, the id en tif ica tio n  of regions b and c could not be 
revealed by the assay of acid a-glycerophosphatase since the long 
incubation necessitated by the re la t iv e ly  low a c t iv ity  precluded latency  
measurement. However, by using p-nitrophenyl phosphatase as the
substrate, latency was demonstrated only in region b confirming that i t  is  
indeed the region of intact lysosomes.
Fig 3 .7
The microsomal fraction was resuspended in 2M sucrose and layered under a
l in e a r  sucrose gradient (0.6-2M) in a B14 zonal rotor. Isopycnic
f lo ta t io n  was achieved by spinning the rotor fo r  16 h at 47,000 rev/min.
Distributions of protein and marker enzymes are presented.
U nits /fraction are as follows : Protein mg; RNA mg; G-6-P'ase,
5 'nucleotidase and acid $-glycerophosphatase pmol Po /min; acid $-
4
galactosidase, pNPP'ase (p-nitrophenylphosphatase) jig p-nitrophenol/min. 
Regions indicated on the figures are: a) in i t i a l  sample position, b)
in tact lysosomes (also rough ER vesic les), c) lysosomal fragments (also 
smooth ER vesicles) and d) plasma membrane enriched in 5 ' nucleotidase. 
These four regions represent densities of 1.23, 1.205, 1.165 and 1.145 
g/ml respectively.
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The low density region contained only acid phosphatase, with no &- 
galactosidase. Acid phosphodiesterase (PD'ase) in th is  region was 
inhibited by EDTA suggesting that i t  was due to the PD'ase a c t iv ity
associated with the plasma membrane fragments (Prospero et al_, 1973).
The distr ibution of acid hydrolases are discussed in Chapter 4 , Section e 
with respect to lysosomal heterogeneity.
The subfractionation of PM and ER vesicles by th is  f lo ta t io n  method 
is described in detail in Section f .  of th is  chapter.
3.b SEPARATION STUDIES WITH DISRUPTED LYSOSOMES
i )  Isopycnic banding In the quest for examining the physical 
and enzymic properties of lysosomal membranes a number of methods were 
considered for disruption of the lysosomes. Osmotic shock and freezing  
and thawing were dismissed because of the d i f f ic u l ty  of re l ia b ly  
reproducing the disruption over a number of experiments. Detergents were 
also dismissed because no relevant data was available on the solubilis ing  
properties -  none were apparently suitable to give gentle disruption. 
Finally  mechanical shear by means of the Turrax and Polytron type 
homogeniser was chosen since th is  was known to disrupt organelles l ik e  
mitochondria and because the speed, and therefore vigour of
homogenisation, could be reproducibly controlled.
Distributions of acid hydrolases and other marker enzymes were
examined amongst the homogenised (disrupted) lysosomes. The pooled 1L'
region, taken from the rate zonal spin (Fig 3 .1 ) ,  was homogenised fo r  1 
o
min, a t  4 with a Polytron PT350D homogeniser set at maximum speed 
(approx. 13,000 rev/min). This treated ' L1 region was then spun to
equilibrium, exactly as described fo r  the in tact lysosomes. The 
distributions of protein and enzymes are presented in Fig. 3 .8 .
Fig 3 .8
Distribution of protein and marker enzymes a fte r  isopyenic banding of the 
disrupted ' L* region (see Fig 3.1) in a B-14 zonal rotor for 16h at 44,000 
rev/min. The results of a l l  experiments are given as average
distributions against density with the number of experiments given in 
parentheses beside each t i t l e .  The values for distributions are the 
percent of a c t iv ity  (o f the tota l sample applied) recovered in each 0.01 
density increment. The hatched areas at each end indicate the percentage 
a c t iv ity  found below 1.13 g/ml and above 1.24 g/ml. Acid p-NPP'ase is 
acid phosphatase assayed with p-nitrophenylphosphate as the substrate and 
acid Z'S'-UMP'ase is the a c t iv ity  with 2 13 1-UMP as the substrate. PD'ase 
(alk. or acid) is phosphodiesterase a c t iv ity  assayed with b is-p-  
nitrophenylphosphate as the substrate.
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Fig 3.8
The pattern of protein d istribution is very s im ilar to that of in tact
lysosomes (Fig 3.3) but the amount of protein recovered in the sample
region (density <1.12 g/ml) is noticeably higher (30.3% against 12%).
The G-6-P'ase and 5 ' -nucleotidase patterns are v ir tu a l ly  unchanged
indicating no s ign ificant a lteration to the already sparse populations of
PM and ER vesicles. The disruption treatment employed c learly  breaks
(see Fig 3.3)
peroxisomes most e f f ic ie n t ly  since the catalase peak at density 1.225 g/mlj[ 
is v ir tu a l ly  abolished whilst 88% of the enzyme is recovered as the 
soluble protein in the sample region. No data on succinic dehydrogenase 
were obtained since the a c t iv it ie s  in these experiments were too low to be 
re lia b ly  measured.
The most interesting effect of the disruption treatment is on the 
acid hydrolase distributions. Acid phosphatase a c t iv ity  measured by 
three d if fe ren t substrates has a bimodal d is tr ib u tio n , with a peak at 
density 1.205 g/ml representing unbroken lysosomes, a new peak which from 
i ts  density of 1.165 g/ml would indicate enzyme a c t iv ity  associated with 
smooth membrane fragments. As expected a large peak of acid phosphatase
and other hydrolases, solubilised by the disruption, is found in the  
sample region. In the case of acid phosphatase some 50% of the to ta l  
sample a c t iv i ty  is solubilised. The other acid hydrolases measured show 
no d is t in c t peak at the lower density (1 .165), a much smaller peak in the 
in tact lysosome region but a much higher proportion o f 70% (average of 
three enzymes) in the sample region than was the case with acid 
phosphatase (50%). These results suggest that acid phosphatase, assayed 
a f te r  the disruption treatment, is membrane associated whilst the other 
acid hydrolases are not. This association has also been investigated by 
cytochemical staining (see next section). The possible reasons fo r th is  
membrane association are discussed in Chapter 4, Section b.
The studies described in the preceding sections were performed on the 
lysosomal fragments a fte r  disrupting the pooled 1L1 region. This 
fraction  of course does not represent highly purified lysosomes (average 
purification  is about 14 -fo ld ). Hence the membrane association of acid 
phosphatase was also investigated a fte r  disrupting the highly purified  
lysosomes. The procedure involved Polytron disruption of the pooled, 
diluted (but s t i l l  hypertonic) lysosomes followed by pelle ting (60,000 
rev/min fo r  2h). The resuspended pellets  were spun to equilibrium as 
described in legend to Fig 3 .8 . The experiment yielded just enough 
material fo r  acid phosphatase to be assayed, whose d istr ibu tion  together 
with A280 trace (reasonable indication of protein) is presented in Fig 
3.9 . The distr ibution of acid phosphatase gives two peaks (densities  
1.17 and 1.15 g/ml) both of which are close to the banding density of 
smooth membranes. There is no peak of intact lysosomes. Since a f te r  
the pelleting of the disrupted lysosomes only the pe lle t was fractionated,  
i t  is not surprising that a low proportion of soluble acid phosphatase is 
found in the sample region. I t  is concluded that the disruption of 
highly pure lysosomes is v ir tu a l ly  complete whilst with impure 
preparations i t  is only p a r t ia l .  Within the scope of the work there was 
no time to establish i f  less vigorous disruption (by reducing the time and 
the speed of the Polytron treatment) would produced only partia l  
disruption.
10 20 30
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Fig 3.9
Distribution of acid (3-glycerophosphatase and A280 (representing 
protein) after equilibrium banding of disrupted pure lysosomes 
(RSA of acid phosphatase 51). The total amount of protein, in 
the sample loaded onto the gradient, was 2 mg. This sample in 
approx. 7 ml was layered over a linear sucrose gradient (0.8M-2M) 
and spun to equilibrium in the 3 x 23ml swing-out rotor at 
30,000 rev/min for 16h.
i i ) U ltrastructural examination
1. Morphology
The fine structure of various lysosomal subfractions was examined by 
electron microscopy in order to investigate the structural preservation of 
highly purified lysosomes, to check on the structures which represented 
impurities, to establish the structure and hence orig in of the acid 
phosphatase-rich smooth membrane fraction and to generally back up the 
biochemical data obtained from the complex distribution patterns of the 
various marker enzymes.
The morphology of the pooled 'lysosomal region1 (obtained a f te r  rate  
sedimentation of the hepatic ML fraction and indicated as the bar in Figs 
3.1 and 3.2) is presented in Fig 3.10 and shows the presence of many 
large vesicles of rough ER. From the d istribution of G-6-P'ase in
th is  preparation i t  was judged that the rough ER was the major 
contaminant. The figure also i l lu s tra te s  a number of lysosomes which are 
seen as dark (electron dense), almost spherical structures. Their size  
of approximately 0.3 p is s im ilar to the commonly accepted mean size for  
normal l iv e r  lysosomes (0 .4p , see Wattaux et a l , 1978). Some of these 
'lysosomes' are possibly peroxisomes but by morphology alone they are 
indistinguishable from lysosomes (Schellens et al 1977). The enzymic 
composition of this region also suggests (from the succinic dehydrogenase 
a c t iv i ty )  that small but s ign ificant amounts of mitochondria are present. 
I t  is , however, unclear why no mitochondria are v is ib le  in Fig. 3.10 %
The morphology of the lysosomal region a fte r  disruption with the 
Polytron homogeniser [ see preceding section and Chapter 2, Section k . v ) ] 
is represented in plate b) of Fig 3.10. The effect of the v io lent
Fig  3 .1 0
Morphology of in tact and disrupted l iv e r  lysosomes:
a) Pooled lysosomal region (see f ig  3.1)
b) Lysosomal region a fte r  disruption with Polytron
c) Structure of lysosomal membrane band a fte r  isopycnic sedimentation of 
disrupted lysosomes (see f ig  3.7)
d) As c) but higher magnification.
a) b)
c) d)
LYSOSOME MEMBRANE FRACTION -  MORPHOL.
Fig 3.10
mechanical homogenisation causes the loss of almost a l l  organised 
structures and results in: empty vesicle ghosts, membrane fragments, small 
vesicles trapped within larger ones, double membrane ghosts, a few in tact  
vesicles of smooth or rough ER etc. Most of the electron dense 
structures, which are possibly of lysosomal orig in are deformed into  
irregu lar shapes and are not spherical l ike  normal lysosomes.
The 'lysosomal membrane' region which is the smooth membrane band 
enriched in acid phosphatase, obtained a fte r  equilibrium banding of the 
disrupted lysosomes (see Fig 3 .8 ) ,  was also examined morphologically. 
The general impression is that the structures (plate c) of Fig 3.10) 
present appear to contain the whole spectrum of mangled membranous shapes 
as found in the original sample (plate b). Close examination shows the 
lack of rough ER membranes as vesicles and the smaller number of electron  
dense structures which is consistent with the biochemical observations of 
lack of G-6-P'ase a c t iv ity  and the presence of non-latent acid phosphatase 
respectively. The large structures (approx. 1 -p in  diameter) are e ith e r  
remnants of badly damaged mitochondria or large sheets of plasma membranes 
which have rounded up and trapped small vesicles within them. The enzyme 
markers for these two organelles (succinic dehydrogenase and 5 ' -  
nucleotidase), although very low in a c t iv i ty ,  are d e f in i te ly  present in 
th is  region.
The structure of the lysosomal membrane region is shown in greater 
detail in plate d) of Fig 3.10 and c learly  i l lu s tra te s  the predominance of 
membrane fragments and the lack of in tact vesicles.
2 .  Cytochem istry
From the morphological examination of the lysosomal membrane fraction  
i t  is apparent that the iden tity  of the lysosomal membrane cannot be 
established amongst the great variety of disrupted membraneous fragments. 
In order to find which membraneous structures derived from lysosomes, 
cytochemical staining, by the classical Gomori method of lead deposition 
at the s ite  of a phosphatase (acid) a c t iv i ty ,  was performed on the 
isolated membrane fraction and on the region containing undisrupted 
lysosomes.
In the f i r s t  series of experiments 5'UMP was employed as the 
substrate fo r the cytochemical staining. This is not the ideal substrate 
since at the acid phosphatase pH optimum of 5.5 the residual plasma 
membrane located 5 '-nucleotidase does exhibit some a c t iv i ty .  However, 
th is substrate was tr ie d  because El-Aaser (1966) had obtained satis factory  
staining. The results of the staining, using 5'UMP, are presented ip Fig 
3.11. Plate a) shows extremely heavy lead deposition in most structures  
but i t  is evident that the stain is associated with membrane fragments, 
especially ruptured (incomplete) vesicles. Plate b) represents the 
typical blank staining obtained in the presence of lead but absence of the 
substrate. In plates c) and d) the lead deposits are c le a r ly  seen 
associated with membrane vesicles and fragments. The important feature  
is that the stain is present on only some of the membraneous structures,  
and that most of the structures which are stained are open or ruptured 
vesicles or membrane fragments. Thus the stain may indeed be located on 
the membranous remnants of lysosomes. The po ss ib il i ty  does however 
e x is t ,  because 5'UMP also reacts s lig h t ly  with the PM located 5' 
nucleotidase, that some of the stained structures are PM derived. This 
is quite l ik e ly  since the number of stained structures is fa r  greater than
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Fig 3.11 Lysosomal membrane fra c t io n  stained cytochemically fo r  acid 
phosphatase with 5 1-UMP as the substrate. The morphology o f the same 
sample is  also presented in  Fig 3.10 plates c) and d). Plates a ) ,  c) and
d) show the cytochemical sta in ing a fte r  incubation with UMP w h i ls t  b) 
is  the blank which was incubated with Lead but no substrate.
the number of intact lysosomes v is ib le  by morphology in a section of 
equivalent purity  ( i .e .  such as in Fig 3 .10). I t  is also useful to note 
th a t ,  in the stained plates of Fig 3.11 the underlying appearance of the 
structures being examined is very s im ilar to the structures examined by 
morphology.
In some la te r  experiments 2 '3 'UMP was employed as the substrate in 
the cytochemical staining for acid phosphatase. This substrate is known 
to have very T i t t l e  a c t iv ity  at neutral pH and is thus considered a much 
more suitable substrate than 5'UMP. The lead deposition, as studied in 
the ' in ta c t '  and 'membrane' lysosomal regions does indicate s ign ificant  
differences between the two samples (Fig 3 .12 ). The stain in the whole 
lysosome sample (peak of acid phosphatase at density 1.205, Fig 3.8) is  
associated mostly with dark, in tac t, spherical, membrane lim ited  
structures which are almost certa in ly  unbroken lysosomes (p late  b). In 
the disrupted sample (peak of acid phosphatase at density 1.165, Fig 3.8) 
the lead stain is found deposited along the membranes of irreg u la r  
structures (p late  a) which are most l ik e ly  lysosomal membranes, and not 
within in tact spherical structures. The better s p e c if ic ity  of 2'3'UMP 
for  the lysosomal acid phosphatase staining is the most l ik e ly  explanation 
fo r  generally fewer organelles being stained, although the to ta l protein  
concentration is probably higher than in the sample stained at 5'UMP (Fig 
3.11).
The conclusion deriving from these EM micrographs are discussed in 
Chapter 4, Section b.
Fig 3 .1 2
Lysosomal membrane a) and in tact lysosome b) fractions stained 
cytochemically with 2 ' - 3 ' -UMP as the substrate.
a)
b)
Fig 3.12
3 .c  CHARACTERISATION OF LYSOSOMAL PROTEINS
As well as examining the enzymic composition of hepatic lysosomes at 
various stages of th e ir  purif ication the highly purified  lysosomes, 
prepared as described in Section a. i i ) ,  were also examined fo r  th e ir
protein composition. This was done in the hope of classifying : i )
uniquely lysosomal proteins, i i )  proteins common to other organelles and
i i i )  which secretory proteins (such as those of b ile  and serum) may occur 
in the lysosomes. These , proteins were studied in two ways : by
immunoelectrophoresis of the lysosomal proteins against anti lysosomal and
other anti sera and also by SDS polyacrylamide gel electrophoresis.
i )  Polyacrylamide gel electrophoresis
Highly purified lysosomes were disrupted (Section a . i i )  and were then 
spun to pelle t the 'lysosomal' membranes. The supernatant which 
represents the lysosomal contents was concentrated by u l t r a f i l t r a t io n .  
The membranes ( 'LM ').and  the contents ( ' LC')  were prepared exactly as 
described in Chapter 2, Section f . i ) .
The two samples were treated with the prescribed amount of SDS- 
containing buffer to solubilise them and were then fractionated by two 
d iffe re n t SDS polyacrylamide systems. The f i r s t  was a 10% gel with a 
3.5% stacking gel at the top. This system, based on that of Laemmli 
(1970) was very kindly run by John Connelly who developed the method for  
the investigation of microsomal proteins. I t  was thus a proven system 
which was re liab ly  giving high resolution of complex protein mixtures and 
appeared more than adequate for separating a re la t iv e ly  smaller number of 
proteins present in the reasonably pure l iv e r  lysosomal fractions . The 
10% gels were designed to resolve proteins in the mol.wt. range o f 14,000-
90,000. From the separations achieved with the 10% gels, i t  became clear  
that most of the lysosomal proteins were smaller than 60,000 mol.wt. In 
order to resolve th is  range of small protein molecules the samples were 
also electrophoresed on 12.5% gels (working range 5,000-60,000). The 
same samples were also separated in a second system using commercially 
available gradient gels (3-27%) which were designed to give good 
resolution over a considerably larger mol.wt. range.
The typical pattern of lysosomal and other proteins, separated on the 
10% gels is shown in the print of the stained gel (Fig 3.14 a ) .  The 
quality  of the prin t is not quite as good as the visual observation of the 
stained gel. The protein bands, which are marked, are those which are 
clearly  seen v isually  in the gel, although they are not a l l  so d is t in c t  in 
the p r in t. The separation obtained with 10% gel were excellent fo r the 
lysosomal membrane fraction but not so good for the lysosomal contents. 
I t  was also apparent from 10% gels that the greater majority of lysosomal 
proteins were smaller than 68,000 mol.wt. In order to improve the 
resolution of these small proteins the ' LM1 and 'LC' samples were 
separated on 12.5% gels. This, however, gave no s ign ificant improvement 
in resolution but did provide a much better separation of the lysosomal 
contents protein.
The lysosomal contents have 16 d is t in c t  protein bands which are marked 
on the prin t (Fig 3.13) to f a c i l i t a te  th e ir  comparison with the adjoining
tracks containing other proteins. The properties of the 1LC1 proteins,
in terms of being unique or common to protein bands in other samples are 
summarised in Table 3 .5 . The proteins which are common to 'microsomal' 
proteins are not marked simply because every single lysosomal protein 
appears to be coincident with at least one microsomal protein. (NB The 
great number of bands is not surprising since the 'microsomal' fraction  
contains lysosomes, lysosomal membranes, ER-vesicles, mitochondrial 
membrane, plasma membrane, Golgi membranes etc. The wide range of 
membranous components is thus reflected in the enormous number of 
id e n t if ia b le  bands. Further reasons for excluding 'microsomal' proteins 
from the comparison are discussed in Chapter 4, Section d . i ) .
Excluding consideration of the microsomal proteins, 5 of the 16 'LC' 
proteins appear to be unique to lysosomal contents. Protein 1 is of quite  
large molecular weight (about 105,000) whilst the other four proteins of 
'LC' orig in  only (No. 13-16) are estimated to be <10,000. The exact 
molecular weights cannot be determined since no low mol.wt standards were 
available for calibrating the fu l l  working range of the 12.5% gels. Some 
4 or 5 of the 'LC  proteins are common to the lysosomal membrane proteins,
11 are common to serum and 4 to b i le .  All the proteins common to b i le
are also common to serum. Protein band No. 4 is albumin which in the 
'LC' sample is present in very Tow amounts.
Fig 3 .1 3
a) Photographic prin t of the stained gel a fte r  SDS-polyacrylamide 
electrophoresis of a number of samples on a 12.5% gel. The separation 
procedure was carried out exactly as described in Chapter 2, Section h . i ) .  
The samples were indicated at the top of each track represent :
ST = Standard protein mixture (See Fig 3.15)
LC = Lysosomal content 
LM = Lysosomal membrane 
M = Microsomal fraction
S = Serum
B = Bile
The dots beside the track marked LC indicate each in d entif iab le  protein
present in that sample.
b) Print of a stained gel a f te r  SDS electrophoresis of the indicated 
samples on commercially available (Universal S c ien tif ic  L td .)  gradient 
gels ranging from 3% at the top to  27% at the bottom of the gel.
Fig 3.13
ST LC LM ST M
a)
—92,500
- 6 8 0 0 0
-(>0000
-4 3 0 0 0  
- 36.0 00
b)
LC LM ST S
Table 3.5 Summary of m obilities  and properties of lysosomal contents
separated by SDS polyacrylamide electrophoresis on 12.5% gels
No. Mobility
(mm from orig in)
1 11
2 14
3 19
4 24.5
5 27
6 29
7 35
8 38
9 40
10 46
11 60
12 65
13 74
14 76
15 84
16 92
Bromophenol blue 104
Properties*
Unique to 'LC'
Common to 'LM' and serum 
Common to serum and b ile  
Common 'LM', serum and b ile  
(albumin)
Common to serum 
Common to serum and b i le  
Common to 'LM1 and serum 
Common to serum 
Common to 'LM' and serum 
Common to serum and b i le  
Common to serum 
Common to serum 
Unique to 'LC'
Unique to ' LC'
Unique to 1LC1 
Unique to 1LC1
*  All the proteins lis ted  are also present in 'microsomes'. Reasons for  
not comparing the LC proteins with those of microsomes are given in the 
te x t .
The electrophoretic pattern of the lysosomal membrane proteins is 
shown in Fig 3.14. Of the three sample tracks, which represent d if fe re n t  
dilutions of the 'LM' sample, the track on the right shows the most number 
of protein bands. The separation achieved on the 10% gel indicates that  
17 proteins can be readily detected whilst on the 12.5% gel only some 15 
are discernible. I t  is not c lear why the resolution on the 10% gel is  
so much better. Of the 17 id en tif ia b le  proteins 3 appear to be unique to 
'LM', 5 (or 6) seem to be common to the lysosomal content, 10 are common 
to serum and 5 to b ile . In this sample i t  would also appear that the 
proteins common to b ile  are also common to serum. Protein band 6 (Table 
3.6) is albumin which is a major constituent of the LM fraction  and rather  
surprisingly seems to be present in quite a high concentration. The best 
separation of the 'LM1 fraction was obtained on the gel on which the 
concentration of the 'LC' fraction was fa r  too low (Fig 3 .14a). Since i t  
was therefore impossible to compare the patterns of 'LM' and 'LC' the 
sample of 'LC' was concentrated and run again. Plate b) of Fig 3.14
shows the 'LC' protein pattern. The information presented in Table 3 .6 ,
on the comparison of 'LM' and 'LC' proteins, was obtained by comparing
track LM of Fig 3.13 a) with tracks LM and LC of Fig 3.14b).
The complexing of SDS to proteins imparts an equal charge on a l l  
proteins and they are thus separated by size and not charge. The 
mobility of the protein becomes lin ear with the log. of the molecular 
weight. In these experiments the gels were calibrated by means of
standard protein mixtures, which were chosen s p e c if ic a lly  to cover the 
middle part of the working range (14,000-100,000) of the 10% gel. The 
calibration curve obtained is presented in Fig 3.15. The same standards 
were also separated on the 12.5% gel which is better suited fo r  separating 
smaller protein molecules ( ie  5,000-60,000). However, the standards did 
not provide a good calibration since th e ir  molecular weights were too high
Fig 3 .1 4
Print of stained 10% polyacrylamide gels a fte r  SDS-electrophoresis of a 
series of lysosomal and other samples. The sample codes are as explained 
in Fig 3.13 .
a) All the proteins of the lysosomal membrane (LM) are indicated by a dot 
beside the sample track. The LC sample applied to th is  gel was too 
diluted to show up any s ign ificant number of protein bands.
b) Same separation as in a) but a f te r  concentrating sample LC.
B
Fig 3.14
a)
*
-
-  92*300
—  6$,000
—  60,000
—  63,000
—  43, o d o
— 36 000
ST LC LM ST M S
b)
-  92,600
m m
-  •
—  68,000
—  60,000
-  53000
-  4-3,000
- 36,000
Table 3.6 Summary of m obilities and properties of 'LM' proteins
separated by SDS polyacrylamide electrophoresis on 10% gels
No Mobility Properties*
(mm from orig in)
1 12 Unique to 'LM'
2 14 Unique to  'LM'
3 28 Common to serum
4 37 Common to serum and b i le
5 43 Common to serum
6 46 Common to serum, b i le  and 'LC
(albumin)
7 51 Common to * LC1 and serum
8 56 Common to serum and b i le
9 59 Common to serum
10 67 Common to serum
11 72 Common to 'LC' and serum
12 84 Common to 'LC'
13 91.5 Unique to 'LM'
14 94 Common to 'LC'
15 97 Common to 'LC' and serum
16 101 Common to ' LC'
17 105 Common to 'LC ', serum and b il
Bromophenol blue 107
*See footnote of Table 3 .5 .
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Fig 3.15
SDS polyacrylamide electrophoresis calibration curve for molecular 
weights. A mixture of proteins of defined molecular weights was 
separated as shown in Fig 3.13 using the 10% polyacrylamide gel. 
The proteins separated were: Phosphorylase A (92,500), Bovine
serum albumin (68,000), Catalase (60,000), Glutamate dehydrogenase
(53.000), Chick egg albumin (43,000), Creatine phosphokinase
(40.000) and lactate dehydrogenase (36,000).
fo r  th is  gel system. Because of th is ,  no attempts were made to convert 
the m obilities of small proteins (separated on the 12.5% gel) into
molecular weights.
The proteins of 1LM' and 'LC' were also separated by SDS 
polyacrylamide electrophoresis using gradient gels whose concentration 
ranged from 3% at the sample end to 27% at the bottom of the gel. These
gels are designed to give a reasonable resolution over a wide range of
molecular weights. The separation of 'LM' and 'LC' achieved on the
gradient gels, shown in Fig. 3.13 b ) ,  is c learly rather poor. F irs t ly  
the few id en tif iab le  protein bands are a l l  squashed into a short region in 
the centre of the gradient gel. The reason why bands in th is  region are 
not p art icu la r ly  well resolved was not investigated any fu rther. When 
the separation on the 10% and 12.5% gels gave much better resolution than 
the gradient gels, i t  was concluded that gradient gels were inappropriate  
to th is  type of separation.
i i ) Crossed immunoelectrophoresis
Whilst the SDS-polyacrylamide electrophoresis provided a reasonable 
separation and thus gave an indication of the tota l numbers of lysosomal 
proteins, the results yielded only limited information as to the origins  
of these proteins. The origins of the lysosomal proteins were therefore  
examined by a more specific method -  crossed immunoelectrophoresis against 
a range of antisera.
Details of the technique and the anti sera employed are presented in 
Chapter 2, Section h . i i ) .  As fo r  the polyacrylamide gels, the protein  
l ines , which in th is  case were prec ip itin  lines , were visualised by 
staining with Coomassie B r i l l ia n t  Blue. Prints of some typical
immunoelectrophoresis plates, which represent just a few of the many 
antigen/antibody permutations examined, are shown in Fig 3.16. The 
results of a l l  the immunoplates were subsequently summarised by making an 
accurate tracing of the precip itin  lines and carefu lly  measuring the mean 
(centre) of each peak from the orig in. This distance, the
electrophoretic mobility in the f i r s t  dimension, was then expressed as a 
proportion of that of albumin which was given the mobility of 1 .0 . The 
reaction of each protein line  against the two anti sera on the plate was 
noted and a separate result sheet was compiled for each plate. The data 
from a l l  the plates were f in a l ly  summarised and are c o lle c t ive ly  presented 
in Table 3 .7 . Each column in the Table thus contains data averaged out 
from a number of observations and the tota l number of proteins id en t if ie d  
in the 'LC' frac tion  was determined from the data of 9 d if fe re n t  plates.
The results of examining the 'LC' proteins by th is  immuno method 
(Table 3.7) show that 11 d is tinc t proteins bands were readily id en tif ied  
as judged by the reaction of 1 LC1 against Anti-(LC). Two protein bands 
(Nos. 5 and 8) were apparently unique to 'LC'. Five proteins were common 
with serum and thus most l ik e ly  represent proteins of serum o r ig in . Of 
the f ive  proteins common with b i le ,  three were also common with serum but 
two (Nos. 1 and 6) were not, thus indicating a lysosomal and b i le  
location. Of these la t te r  two proteins, No. 6 was also positive against 
anti-cytosol thus having an unusual d is tr ibution of lysosomes, cytosol and 
b ile .  In order to confirm the reactions of the 'LC' proteins against 
a n t i -b i le ,  the properties of b i l ia r y  proteins were examined by 
running b ile  (as the antigen) against anti- 'LC ' (see Fig 3.15 d and e ) .  
Reaction against anti-plasma membrane showed th a t, of the three d is t in c t  
proteins (2, 3 and 4 ) ,  two were common to serum (2 and 3) and other 
fractions, whilst No. 4 was only common to microsomes, which contain 
sign ificant amounts of plasma membrane. Three proteins were common to
Fig 3 .1 6
Patterns of p rec ip itin  lines obtained a fte r  crossed immunoelectrophoresis 
of lysosomal contents and b ile  against a number of anti sera (indicated on 
each p la te ) .  The antigen was placed in the well (bottom righ t) and
electrophoresed in the f i r s t  dimension (to the l e f t  of the w e ll) .
Electrophoresis in the second dimension (upwards) was against the s p l i t
antibody-containing gels. The exact conditions and the method of
staining are described in Chapter 2, Section h . i i ) .  The samples marked on 
the gels represent :
LC = lysosomal content (ra t l iv e r )
B = b ile  (ra t)
ALC = a n t i - ( r a t  l iv e r  lysosomal content)
AS = a n t i - ( r a t  l iv e r  plasma membrane)
APM = a n t i - ( r a t  l iv e r  plasma membrane)
AB = a n t i - ( r a t  b ile )
a) Lysosomal content eletrophoresed against anti-lysosomal content in the  
f i r s t  s p l i t  gel and anti-serum in the seond gel.
b) Lysosomal content against anti-serum in the f i r s t  s p l i t  gel and a n t i-
lysosomal content in the second gel.
c) Lysosomal content against anti-plasma membrane in the f i r s t  s p l i t  gel
and anti-lysosomal content in the second gel.
d) Lysosomal content against a n t i-b i le  in the f i r s t  s p l i t  gel and a n t i-
lysosomal content in the second gel.
e) Bile against ant i-lysosomal content in the f i r s t  s p l i t  gel and a n t i -  
b ile  in the second gel.
Fig 3.16
ALC 
C LC
ALC
AS 
C LC
ALC
A PM 
C LC
Fig 3.16 
(continued)
AB 
( LC
AB
ALC
B
cytosol with No. 2 (albumin) being common to a ll the anti sera, whilst No. 
6 is common to b ile  and No. 10 is unique to 'LC' and cytosol.
Table 3.7 Summary of the properties of lysosomal content proteins 
Proteins were separated by crossed immunoelectrophoresis and id en tif ie d  by 
means of th e ir  mobility ( in  the f i r s t  dimension) and th e ir  reactions with 
d iffe ren t antisera (+ is a positive reaction and - means no reaction).
No. M obility* A-LC A-Serum A-bile  A-PM A-M/C A-Cytos
I  1.07 + -  +
2 1 + + + + + +
3 0.92 + + -  +
4 0.87 + -  + + -
5 0.75 +
6 0.7 + -  + -  -  +
7 0.67 + + + +
8 0.58 + -
9 0.47 + +
10 0.3 + -  -  -  -  +
I I  0.26 + + + -  -
*  Mobility is expressed as re la tive  to albumin which is given a value of 
1.0.
The results presented in Table 3.7 only contain data fo r  the proteins 
of the lysosomal contents ( 1LC')  frac tion . Although much work also went 
into preparing the anti-lysosomal membrane anti serum and examining the 
'LM' proteins, i t  is unfortunate that no results can be presented. This 
is because the reaction of 'LM' against an ti- 'LM 1 was extremely weak and,
apart from once noting just two proteins (Nos. 9 and 11), no re lia b le  
results could be obtained. The most l ik e ly  explanation fo r  the fa i lu re
of the anti sera to react with ' LM* is that the one rabbit used for  
immunising simply fa i le d  to respond and hence produced no antibody. When 
s u ff ic ie n t quantities of antigen are available, th is apparently common 
problem of varying antibody response is normally solved by immunising as 
many animals as possible and pooling the anti sera. I t  is unfortunate 
th a t , in these studies, i t  was only possible to use the one animal 
(because of the scarcity of the antigen), which turned out not to produce 
the anti serum.
3.d RIBONUCLEASES ASSOCIATED WITH LIVER LYSOSOMES
The d istr ibution  of ribonuclease, assayed under a number of d if fe re n t  
conditions, in the subfractionated l iv e r  'ML' fraction is presented in Fig 
3.17. This Fig. may be d irec tly  compared with 3.1 as i t  is from the same 
experiment. Although the d istribution of acid RNase follows that of 
other acid hydrolases (see Fig. 3 .1 ) ,  closer examination reveals that the 
acid RNase containing lysosomes sediment s l ig h tly  fas te r  than those 
enriched in acid phosphatase (g-glycerophosphatase). This heterogeneity, 
previously noted by Rahman et a l (1967) and Burge and Hinton (1971), is 
discussed in Chapter 4, Section e.
Alkaline ribonuclease patterns are rather more complex, with the 
enzyme present in a l l  the three major regions, ER, lysosome and 
mitochondria. Although in the lysosomal region (shown as the bar in Fig 
3.17) a lkaline ribonuclease appears as a shoulder continuing on from the 
ER region the lysosomal a c t iv ity  is quite s ignificant in view of the low 
protein concentration in this region. A notable feature of the a lka lin e
Fig 3 .17
Distribution of marker enzymes and nucleases a f te r  rate zonal 
subfractionation of the hepatic ML fraction . The patterns presented are 
from the same experiment i l lu s tra te d  in Fig 3.1 and hence most of the 
explanation is as in the legend to that figure. Enzyme a c t iv i t ie s  fo r  
a l l  the nucleases are A260/h/fraction.
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Fig 3.17
a c t iv i ty  is that the pattern is s im ilar with RNA, Polyll or b is-p-
nitrophenyl phosphate (phosphodiesterase a c t iv i ty ) .  In the lysosome
region the a lkaline a c t iv ity  in the presence of EDTA is higher than with 
2+
Mg . This is consistent with the reported properties of the lysosomal
nuclease as described by Burge (1973), with only the plasma membrane 
2+
enzyme being Mg dependent.
Amongst lysosomes, obtained a f te r  isopycnic banding of the 1 lysosome-
rich ' region, the distributions of acid and a lkaline RNase are s im ila r ,
suggesting that both enzymes are located in the lysosomes (Fig 3 .18 ).
From other results (not presented in Fig 3.18) i t  is c lear that the
a lka line  RNase does not exhibit latency, thus pointing to a membranous
location. The alkaline enzyme is thus l ik e ly  to be quite d is t in c t  from
the acid enzyme as has indeed been inferred from the bimodal pH curve
obtained by Burge (1973) with the lysosomal nuclease. As already shown
in the re la t iv e ly  impure 'lysosome-rich' region of the ML fraction  the
a lka line  RNase present in the lysosomal peak (density 1 .2 -1 .21) exhibits
2+
higher a c t iv ity  in the presence of EDTA than with Mg . The Mg-
dependent a c t iv ity  shows a small shoulder at density 1.16, which is
consistent with the banding density of plasma membrane. Since th is
shoulder is abolished by EDTA this a c t iv ity  is most l ik e ly  due to the PM
enzyme. The d istribution of a lkaline phosphodiesterase (assayed in the 
2+
presence of Mg ) ,  which is considered primarily as a PM marker, is
2+
s im ilar to the RNase a c tiv ity  with Mg again indicating d is t in c t  
lysosomal and PM locations. The Mg-dependent a c t iv i ty  (RNase and 
PolyU'ase) also has a higher proportion in the l ig h te r  part of the 
gradient (density <1.11). The inh ib ition  of the a c t iv i ty  by EDTA suggests 
that i t  is not a lysosomal enzyme but is probably of PM or may be Golgi 
orig in .
The d istr ibution patterns of nucleases and other key marker enzymes
Fig 3 .1 8
Distribution of nucleases and marker enzymes amongst lysosomes sedimented 
to equilibrium. The explanation to the figure is exactly as for Fig 3 .3 .  
The nuclease a c t iv ity  are as givien in the legend to Fig 3.17.
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Fig 3 .1 9
Distribution of nucleases and other marker enzymes amongst the highly 
purified  hepatic lysosomes. The explanation and the figure correspond 
exactly to Fig 3.4 .
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presented in Fig 3.19 are for the highly purified lysosomes (acid 
phosphatase RSA of 60) and correspond to Fig 3 .4 . The general patterns 
are consistent with those obtained with less pure lysosomes (acid phos. 
RSA 17) presented in the previous f igure . Alkaline RNase has a peak at 
density 1.21, coinciding with acid RNase and representing a tru ly  
lysosomal location. The a lkaline Mg-dependent a c t iv i ty  found at the 
banding density of less than 1.1 is strongly inhibited by EDTA. This 
a c t iv ity  and the small peak at density 1.12 are not due to any sp il lover  
a c t iv ity  of acid RNase since no s ign ificant amounts of any acid hydrolase 
are found at th is  density which represents the in i t i a l  sample position and 
thus might have contained released soluble a c t iv ity .  I t  is not out of the 
question fo r th is  to be soluble Mg-dependent RNase but i t  is much more 
l ik e ly  to be a c t iv ity  associated with very l ig h t  membranous fractions.  
The alkaline phosphodiesterase is spread through the lysosomal peak and 
regions containing PM, ER and mitochondria and thus most l ik e ly  represents 
a number of d iffe ren t enzymes. The acid phosphodiesterase, which is 
assayed in the presence of EDTA, shows a typical acid hydrolase 
d istr ibu tion . Wften th is  enzyme is assayed in the absence of EDTA, the 
a c t iv i ty  shows a much broader d istr ibution with s ign ificant a c t iv i ty  in 
regions other than lysosomal ones.
The distribution of various marker enzymes and acid hydrolases, 
amongst the disrupted lysosomes, has already been presented in Fig 3 .8 .  
This same figure, with just some key marker enzymes, has been redrawn to 
include the distributions of a number of nucleases (Fig 3 .20 ). The most 
important region, located at density 1.16, contains the smooth membrane 
fragments which are rich in acid phosphatase and thus most l ik e ly  
represents lysosomal membranes. This region also contains very small 
amounts of ER and PM. Acid RNase, l ik e  most acid hydrolases (except acid 
phosphatase) is almost completely absent from this region. In th is
Fig 3 .2 0
Nuclease and marker enzyme distributions amongst disrupted lysosomes 
fractionated by isopycnic banding. The explanation is exactly as fo r  
Fig 3.7 . The RNase a c t iv i ty  indicated by the asterisk *  was from an 
experiment in which a much larger sample of l iv e r  (120g) was 
fractionated.
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experiment the acid phosphodiesterase was not assayed in the presence of
EDTA, which could have abolished the spillover a c t iv ity  due to the plasma
membrane located alkaline enzyme. I t  is therefore impossible to assign
the acid phosphodiesterase to any one single organelle present in the
2+
region. The alkaline phosphodiesterase (with Mg ) is c learly  present
in the in tact lysosomes (density 1.21) and also in the lysosomal membrane
(density 1.16) where the a c t iv ity  may be due to the PM or smooth ER.
This is ,  however, unlikely since the amount of a c t iv ity  is too high to be
e n tire ly  ascribed to the ER and PM whose tota ls  are very low as judged by
th e ir  respective markers (G-6-P'ase and 5 ' -Nucleotidase) and to ta l
2+
protein. Alkaline RNase, assayed with- Mg or EDTA, shows the main 
peak in the intact lysosomes and a smaller peak at density 1.15, 
coinciding with smooth membranes. When assayed with PolyU as the 
substrate, the patterns are generally s im ilar. With both substrates, the 
lysosomal membrane region exhibits a c t iv ity  which is not abolished by EDTA 
thus indicating that this a c t iv ity  is not due to a PM enzyme. The 
alka line  RNase, which is indicated *  in Fig 3.20, was obtained a f te r  
fractionating a much larger amount of l iv e r  (120g) than was normally used 
(20g). The glucose-6-phosphatase pattern from this experiment (marked * )  
gives a d is tinc t peak in the smooth membrane region and also a peak at a 
higher density (1.22) which represents rough ER vesicles. The RNase 
follows closely the pattern of G-6-P'ase in the smooth membrane region. 
However, since th is  region contains acid phosphatase as well as G-6-P'ase, 
i t  is not possible to-assign the a lkaline nuclease of th is  region to  
e ither  lysosomal membranes or smooth ER with any certa in ty .
Nucleases associated with the microsomal ER and PM vesicles and small 
lysosomes were studied by examining th e ir  d is tr ib u tio n  amongst 
'microsomes' which were subfractionated by equilibrium f lo ta t io n .  This 
method, already described in Section a . iv )  is ideal for fractionating  5 ' -
nucleotidase enriched PM vesicles, smooth ER vesicles, rough ER vesicles
and small lysosomes and th e ir  membranous fragments. Alkaline RNase,
2+
assayed in the presence of Mg shows a typical smooth membrane
d is tr ib u tio n , peaking at a density of 1.165 g/ml. Although i t  d i f fe rs
from 5 ' -nucleotidase, as indeed do a ll  the PM marker enzymes (see Fig
3 .2 1 ) , the a lkaline RNase also has a shoulder of a c t iv ity  extending into
the 5 ' -nucleotidase region. When assayed with EDTA the pattern is very
2+
sim ilar to the Mg enzyme except that a small peak appears at density
1.20, which is consistent with the established response of the lysosomal
alkaline RNase in being EDTA activated. Alkaline phosphodiesterase
2+
a c t iv i ty  (with Mg ) follows the a lkaline RNase almost exactly. The 
nuclease a c t iv ity  assayed with PolyU, as the substrate, is generally  
sim ilar to the alkaline RNase d istr ibu tion . Acid RNase has a peak at 
density 1.165 g/ml, which coincides with lysosomal membranes, smooth ER 
vesicles and mitochondria, and thus exhibits a quite atypical pattern for  
an acid hydrolase. Acid phosphodiesterase, on the other hand, does seem 
to behave much more like  a lysosomal enzyme with its  only d is t in c t peak 
being at density 1.20 g/ml. The a lka line  nuclease, assayed with PolyA as 
the substrate, has a significant peak at density 1.17 g/ml which is 
s lig h t ly  higher than that of smooth membrane and. hence may be a ttributed  
to small mitochondria. This would be consistent with the reported 
localisation of the a lkaline PolyA1 ase (de Lamirande et a l , 1967).
Fig 3 .2 1
Distributions of 5 'nucleotidase, G-6-P'ase and a number of nuclease 
a c t iv i t ie s  amongst subfractionated 'microsomes'. All the deta ils  are 
exactly as explained in the legend to Fig 3 .7 . PD'ase is
phosphodiesterase assayed with bis-p nitrophenyl phosphate as the 
substrate. Poly U'ase and Poly A'ase are to ta l nuclease a c t iv i t ie s  
measured with Poly U and Poly A respectively as the substrates. Regions 
a, b, c and d are exactly as marked in Figs 3 .7 , 3 .26, 3.27 and 3.28.
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In order to characterise the alkaline RNases of the subfractionated
'nricrosomes', the three main regions b, c and d were further examined by
analysing the nuclease pH curves. Total nuclease a c t iv i ty ,  assayed with
Torula yeast RNA as the substrate was measured with three d if fe re n t
buffers covering the wide range of pH 4.5-10 (Fig 3 .22 ). Separate pH
2+
curves were obtained for nuclease a c t iv it ie s  in the presence of Mg and
also with EDTA. The pH optimum for region d) (the 5' nucleotidase-rich
2+
PM band) is  7-7.6 with consistently higher a c t iv ity  with Mg than with
EDTA throughout the whole pH range. Although the pH optimum is s l ig h t ly
lower than expected, this nuclease is almost d e f in i te ly  a true PM enzyme.
The broad pH curve of the nuclease a c t iv ity  of region c) is most l ik e ly
due to the heterogeneity of th is region. The high a c t iv i ty  at pH 6-6 .5
is most l ik e ly  due to the mitochondrial neutral nuclease whilst high
2+
a c t iv ity  at pH 8-9 in the presence of Mg suggests a PM enzyme. The 
region does not appear to have a d is tinc t acid enzyme thus indicating that  
the acid RNase, which peaked at density 1.165g/ml is not lysosomal but is 
probably due to spillover a c t iv ity  of the neutral mitochondrial enzyme. 
The bimodal pH curve obtained from material in region b) (See F ig .3 .2 1 ) ,  
clearly  demonstrates the presence of d is tinc t acid and a lka line  nucleases 
in lysosomes. The alkaline peak7may be somewhat masked by a rough ER 
nuclease.
Fig 3 .2 2
pH curves of nuclease (RNase) a c t iv i t ie s  from regions a, b, c and d
2+
indicated in Fig 3.21. A ctiv ity  in the presence of Mg is presented
as  --------    and in presence of EDTA X X. The range 4 .5-7  was
measured with 0.1M 3 1 - 3 1 Dimethylglutaric acid buffer, 7-9 with 0.1M T r is -  
HC1 and 8.8-10 with 0.1M glycine. A ctiv it ies  at each pH value are 
corrected for tissue and substrate blanks.
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3 . e  FRACTIONATION OF RAT KIDNEY CORTEX LYSOSOMES
The work on kidney lysosomes centred on two main objectives : a) 
development of a single step subfractionating method to provide a p ro fi le  
of the complete lysosomes populations of the renal cortex, b) extension of 
th is  method to examine the lysosomal changes in diseased kidneys.
The approach adopted to examine the cortical lysosome populations was 
to subfractionate the whole 'ML' fraction by rate sedimentation in an HS 
zonal rotor (MSE S c ien tif ic  Instruments). This p articu lar  rotor had 
already been shown to be ideally  suited for the fractionating of l iv e r  
lysosomes (Burge and Hinton, 1971) by rate sedimentation and has been 
extensively used in the purification of lysosomes (Chapter 3, Section l . a )  
and the study of lysosomal heterogeneity (Chapter 4, Section e ). The 
d iffe ren t lysosomal regions separated in th is  manner were further  
fractionated by equilibrium banding in a B14 zonal rotor. Since the 
cortical 'ML' fraction is prepared at a re la t iv e ly  low ^g-min value, in 
order to pe lle t  the large kidney droplets (large lysosomes), i t  was also 
essential to examine the lysosomes in the microsomal fraction as th is  
contained a large proportion of the smaller lysosomes. Because of the 
known heterogeneity of kidney lysosomes and the need to establish degrees 
of purity and contamination, i t  was considered essential to measure the 
distribution  patterns of many acid hydrolases and other marker enzymes. 
This could only be done i f  large amounts of kidney cortex could be 
processed in a single separation. For th is  reason zonal rotors, which 
offer a much larger capacity than conventional centrifuge tubes, were used 
throughout th is  investigation.
The second aim of this work, to examine the lysosomes in various renal 
diseases, has not yet been f u l f i l l e d .  However, work on th is  is being
done in collaboration with Dr. K. J. Andersen and Dr. H. J. Haga, 
University of Bergen, Norway.
i ) Rate zonal sedimentation
After a careful survey of the known characteristics of kidney 
lysosomes (summarised in Chapter 1, Section f ) ,  approximate conditions 
were chosen for the rate sedimentation in the HS zonal rotor. F i rs t ly ,  i t  
was decided to retain the _£-min value of 27,530 (10,000 rev/min for 3 
min), as recommended by Maunsbach (1966) for pelleting the kidney 'ML' 
f rac tion , because th is  gave a good compromise between lysosomal recovery 
and contamination by other organelles and also permitted the d irect  
comparison with published data on the 'ML' fraction . The ideal p ro fi le  
of the sucrose density gradient was chosen, a f te r  a number of t r i a l s ,  as 
an exponential of 550ml ranging from 0.5M sucrose to 1.65M followed by 
150ml of 2M sucrose as the cushion. Using th is gradient, the best 
separation of large and small lysosomes was achieved, by spinning the HS 
rotor at 8000 rev/min fo r lh.
In early experiments, the kidneys were perfused with isosmotic saline  
before excising the cortices and homogenisation. The results of these 
early experiments were reported (Andersen et a l , 1980) but in a l l
subsequent work, the perfusion step has been omitted for reasons discussed 
in Chapter 4, Section f i ) .
The d istr ibution  of lysosomal and other marker enzymes, in a typical 
rate sedimentation of the cortical 'ML' frac tion , are shown in Fig 3.23. 
From the protein trace i t  is evident that three d is t in c t  regions can be 
id en tif ied  : a) at fraction number 3-4 the peak represents the in i t i a l  
sample position and hence contains the soluble protein and very small
Fig 3 .2 3
Distribution of marker enzymes, protein and 1125 label a f te r  rate
sedimentation of a rat kidney cortex 'ML' fraction in a zonal HS rotor.
The rotor contained a 550ml exponential sucrose gradient ranging 0.5M to
1.7M and 150 ml of 2M sucrose as the cushion. A fter loading the
resuspended 1 ML1 fraction into the rotor i t  was spun at 8000 rev/min fo r  1
h. Protein is presented as mg/fraction; SDH (succinic dehydrogenase),
MAO (monoamine oxidase), G-6-P'ase (glucose-6-phosphatase), 5 ' -
nucleotidase, Acid phosphatase (B-glycerophosphatase), 8 -galactosidase,
NAG (N-acetyl '3-D- glucosaminidase), and a lk . PD'ase (a lka lin e  bis-p
nitrophenylphosphatase) are given as ymol/min (IU) per fraction; catalase
values are "units"/min/fraction as defined in Leighton et al (1968); Acid
RNase (ribonuclease). Units are A260/min/fraction and Cathepsin D
3
A280/min/fraction; 1125-lysozyme is c.p.m. x 10 /f ra c t io n .
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Fig 3.23
particulates which do not sediment under these conditions; b) th is  is the 
major protein peak (fractions 14-22) which is composed of mitochondria, 
brush border membranes, small lysosomes e tc . ,  c) the most rapidly  
sedimenting material, found in fractions 31-32, contains almost 
exclusively the large lysosomes or protein droplets.
The main mitochondrial peak, shown by the trace of succinic
dehydrogenase, is in tubes 16-17, whilst the peroxisomes represented by 
the broad peak of catalase, between fractions 11 and 15, sediment somewhat 
slower. The large peak of catalase in the soluble regions indicates
e ither the presence of a cytosol-located enzyme or the release of the
peroxisomal enzyme due to extreme f r a g i l i t y  of this organelle. The
g lucose-6-phosphatase pattern is a l i t t l e  puzzling since the peak at 
fraction 20 would suggest association with an organelle larger than
mitochondria. This peak is ,  therefore, most l ik e ly  a ttr ib u tab le  to ER 
membranes which are in some way associated with the brush border membranes 
and thus cosediment with them. The brush border, indicated by the 
patterns of 5 ' nucleotidase and alkaline phosphodiesterase, is found as a 
well-defined band around fraction 20.
The lysosomal enzymes show three essential features. F i r s t ly ,  a l l  
the acid hydrolases are present in the peak of kidney droplets (fractions  
31-32). The much broader band of smaller lysosomes (fractions 10-20),
which contain acid phosphatase, 3-galactosidase and N-acetyl-$-D- 
glucusominidase appear to sediment faster than the lysosomes which contain 
acid RNase and Cathepsin D. The cathepsin D peak, at frac tion  14 -15 ,
indeed seems to be associated with the smallest (slowest sedimenting) 
lysosomes.
The distr ibution patterns shown in Fig 3.23 also contain an 1125 
Lysozyme trace. In the experiment presented in th is  f ig ure , the animals 
had received an intravenous injection of 1125 labelled lysozyme. This 
low molecular weight protein is avidly taken up by the proximal tubules 
and is subsequently broken down in the large kidney droplets. I t  was, 
therefore, employed as marker for the kidney droplets. The 1125 
pattern shows that c learly some of the label is present in the kidney 
droplet region (tube 31-32) but also that a large proportion is associated 
with smaller lysosomes (fractions 18-20). The 1125 pattern remained 
identical a fte r  determining the ra d io -a c tiv ity  in fractions precipitated  
by TCA thus discounting the possib ility  that any of the peaks could be 
attributed to the non-specific binding of free or released 1125.
The distributions presented in Fig 3.23 are discussed in  Chapter 4 ,  
Section f .  particu larly  in relation to the morphology of th'e kidney and of 
the subcellular fractions. The EM morphology of the fractions (see Fig. 
4.3) revealed contaminants in the fractions which were not evident from 
the distributions of marker enzymes. The reasons why monoamine oxidase 
(shown in Fig 4.4) and hydroxyproline distributions were also measured are 
discussed in Chapter 4, Section f .
i i ) Equilibrium banding of the two major lysosomal populations
1. Small lysosomes In the rate sedimentation spin i l lu s tra te d  in 
Fig 3.23, the small lysosome region is represented as„the broad band of 
acid hydrolases between fractions 10 and 22. This whole region, which is 
not from the rate spin i l lu s tra te d , was pooled and spun to equilibrium to
f i r s t l y  iden tify  the banding densities of the small lysosomes and also to 
separate the lysosomes from the other organelles found in th is  region. 
The enzyme profiles of the equilibrium spin are shown in Fig 3.24. The 
four density positions indicated as a, b, c and d in Fig 3.24 
respectively, 1.165, 1.18, 1.2 and 1.23 show the positions of four most 
important bands. F irs t ly  the trace of succinic dehydrogenase, peaking at 
density 1 .2g/ml, would suggest that these mitochondria are damaged since 
normally they would band at a density of 1.17g/ml. The 5 'nucleotidase 
(AMP*ase), which indicates the position of the plasma membrane (brush 
border), is located at the density consistent with the reported values fo r  
smooth membranes (1.165g/ml). The G-6-P'ase pattern marks the
endoplasmic reticulum, which shows the classic bimodal d is tr ib u tio n  of 
smooth ER (density 1 .1 6 -1 .18g/ml) and rough ER (1 .2 -1 .23g/ml)- The 
patterns of three acid hydrolases measured (acid phosphatase, 3 -  
galactosidase and NAG) are v ir tu a l ly  identical and show two quite d is t in c t  
peaks - one at density 1.2g/ml and the other at 1.23g/ml. Although some 
residual a c t iv ity  is found on the l ig h te r  side, suggesting some lysosomal 
fragments, the density of 1.2 for the f i r s t  peak is consistent with the 
density of normal lysosomes of the l iv e r  and other tissues. The second 
peak has the considerably higher density 1.23g/ml which is the same as 
reported for kidney droplets (Straus, 1964a and 1964b) and confirmed in 
the equilibrium spin of the large lysosomes (Fig 3 .25 ). I t  is 
unfortunate that other acid hydrolases such as acid RNase and Cathepsin D 
were not assayed on the equilibrium spin i l lu s tra te d  in Fig 3.24. In the 
rate spin, these two enzymes were s ign if icantly  d i f fe re n t ,  in being 
associated with the slowest sedimenting lysosomes. However, a greater  
range of acid hydrolases, including acid RNase and Cathepsin D, were 
analysed as part of the collaboration at the University of Bergen. These 
results are discussed in Chapter 4 , Section f .  The general conclusion 
from the bimdoal d istribution of the lysosomal enzymes is that two
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Fig 3.24
Distribution of protein, marker enzymes and Cdl09-thionein amongst the small 
lysosomes of the rat kidney cortex. The whole small lysosome region 
(consisting of fractions 12-22 of the rate zonal spin shown in Fig 3.23) 
was spun to equilibrium in a B-14 zonal rotor (45,000.rev/min for 16h) . 
Positions in the gradient marked as a, b, c and d represent densities of 
1.165, 1.18, 1.2 and 1,23 respectively. Detail's are exactly as described
for Fig 3.22. Cd 109 counts are given as c.p.m. x 10^/fraction.
populations of small lysosomes, which d i f fe r  in th e ir  banding densities, 
are present in the kidney cortex. The l ig h te r  band is s im ilar to  
'normal' lysosomes found in other tissues. However, the denser, small 
lysosomes may, e ither ex is t, as specialised forms of lysosomes in the 
cortical cells  or a lternative ly  they could be a r t i fa c ts  of homogenisation. 
I t  is notable that the small lysosome region appears to contain rather 
tough lysosomes as judged by the distnct lack of any released acid 
hydrolases in the sample region (fractions 1-8 in Fig 3 .24 ).
The trace of Cdl09 represents cadmium-metallothionein which had been 
intravenously injected into the rats 30 min prior to k i l l in g .  Although 
the experiment was part of a more extensive study of Cd-thionein uptake 
into the kidney, the Cdl09 trace is included because i t  provides a useful 
comparison with the 1125 lysozyme trace of the rate spin. From the 
rate spin, i t  cannot be determined i f  the protein (lysozyme) is associated 
with small lysosomes or other organelles in that region. The trace of 
Cdl09 shows quite c learly  that a fte r  equilibrium banding a small molecular 
weight protein (metallothionein), which like  lysozyme is taken up by the 
proximal tubule c e l ls ,  is almost e n tire ly  associated with lysosomes and 
not smooth membranes. The ju s t i f ic a t io n  for th is  comparison between 
lysozyme and metallothionein is dicussed in Chapter 4, Section f .
2. Large lysosomes -  protein droplets The large, rapidly  
sedimenting lysosomes were pooled and subjected to equilibrium banding 
under exactly the same conditions as employed for the small lysosomes. 
The distributions of protein, density and marker enzymes are i l lu s tra te d  
in Fig 3.25 in which the four density positions, marked as a, b, c and d, 
are at exactly the same densities as shown in Fig 3.24. The reason fo r  
only measuring the distributions of acid hydrolases (except AMP'ase) is 
that the protein droplet peak in the rate spin is essentia lly  free  of any
other marker enzymes. 5 ' -nucleotidase was assayed only because in the 
kidney i t  shows a very high a c t iv ity  and was therefore detectable in the 
isopycnic respin. The peak of 5 'nucleotidase at density 1.18g/ml may be 
due to rather dense membrane fragments. However, the second peak at 
density 1.22g/ml represents an unusually high density fo r a plasma 
membrane marker. Possible explanations for th is  second peak are given in 
Chapter 4, Section f .
The acid hydrolases, acid phosphatase, 8-galactosidase NAG, and RNase 
and Cathepsin D a l l  show almost identical patterns with one single peak at 
density 1.235g/ml. This pattern is exactly as expected from the 
previously documented data on the kidney's large, dense lysosomes 
(S traus,1956, Maunsbach, 1966) which are also known as kidney droplets or 
protein droplets. The small peak of Cathepsin D at density 1.2g/mlmay be 
real or may a lte rn a tive ly  be due to errors in the somewhat unreliable  
assay of this enzyme. The protein trace suggests that i t  is real since 
th is  also has a peak in the same position. A s im ila r ity  between a l l  the 
acid hydrolases is the released a c t iv i ty ,  found in the sample region 
(fractions 1-8 Fig 3 .25 ), which suggest some f r a g i l i t y  of the kidney 
droplets. This is a l i t t l e  unexpected since these droplets are normally 
quoted as being tough and rather resistant to osmotic and mechanical 
shock. The sample which contained four pooled fractions from the rate  
spin was not homogenised but simply diluted with just s u ff ic ie n t  d is t i l le d  
water to reduce the sucrose molarity to below 0.7 which is the lowest 
concentration of the gradient.
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Fig 3.25
Distribution of protein and marker enzymes after isopycnic banding of the 
large lysosomes (protein droplets) of the kidney cortex. The whole region 
(fractions 28-32, Fig 3.23) was pooled and spun to equilibrium under exactly 
the same conditions as given in Fig 3.24. Other details are also as given 
in Fig 3.24.
i i i )  Subfractionation of kidney cortex 'microsomes1
The kidney microsomal fraction was prepared quite conventionally by 
pelleting the post ML supernatant at 110,000^ for 60 min. The resultant 
microsomal pe lle t contains a re la t iv e ly  high proportion of lysosomal 
m aterial. As already explained in the previous section, th is  is because 
the ML fraction was pelleted at a rather lowjj-min value and hence a ll  the 
unpelleted lysosomal material would be captured in the microsomes. The 
high recovery of a l l  the acid hydrolases in the microsomes is well 
i l lu s tra te d  in the percentages given in Table 4.3 ( in  the next chapter).
Because much of the lysosomal material was present in the microsomal 
p e lle t ,  i t  was important to examine these lysosomes and re la te  th e ir  
properties and enzymic compositions to the lysosomes deriving from the ML 
fraction . The method by which the microsomal fraction was fractionated  
was exactly as described for the l iv e r  microsomes [see Chapter 3, Sections 
a .iv )  and f . i ) ] .  The microsomal pe lle t was resuspended in 2M sucrose and 
then floated to equilibrium in the B14 zonal rotor by the method developed 
in this laboratory (Norris et a l , 1974). The d istributions of various 
marker enzymes, a f te r  such an equilibrium f lo ta t io n , are shown in Fig 
3.26* The gradient positions marked a, b, c and d are respectively at 
densities 1.235 (also the position of the applied sample), 1.205, 1.165 
and 1.145. These reference points are exactly as the densities given in 
Figs 3 .7 ,  3.21, 3.27 and 3.28 for the l iv e r  microsomes. Acid phosphatase 
has no a c t iv ity  in the sample region (a ) ,  a small but d is t in c t  peak at 
density 1.205 (b) which represents the 'normal' density in tac t lysosomes 
and a large peak at density 1.15 which probably contains fragments of 
lysosomal membrane. The pattern of $-galactosidase lacks the peak at the 
high density (also the sample position), has a well defined band in the 
in tact lysosome region (density 1.205g/ml) and another band at density
Fig 3 .2 6
Distribution pattern of protein and marker enzymes a f te r  isopycnic 
f lo ta t io n  of the rat kidney cortex microsomal fraction . 'Microsomes', 
resuspended in 2M Sucrose, buffered with 5mM Tris-HCL pH 7 .4 , were loaded 
under a linear sucrose gradient (0.7M-2M) in a B-14 zonal rotor. A 
cushion of 2.3M sucrose was used to push the sample band away from the 
wall of the rotor. The rotor was then spun overnight (approx 16h) at 
45,000 rev/min. The units shown are : protein, mg/fraction; RNA 
yg/fraction; enzymes, ymol/min/fraction. Gradient positions indicated as 
a, b, c and d represent densities of 1.235, 1.205, 1.165 and 1.145 g/ml 
respectively.
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Fig 3.26
1.17 g/ml, which is quite l ik e ly  due to lysosomal fragments. The 
differences between the patterns of $-galactosidase and acid phosphatase 
are discussed further in Chapter. 4 , Section f .  The d is tr ib u tio n  of NAG
diffe rs  markedly from the other two acid hydrolases i l lu s tra te d .  The
sharp, large peak at density 1.24g/ml is not due to the released enzyme 
remaining in the original sample position but is caused by the unique 
property of NAG to bind to ribosomes. This association has been 
previously noted (Price and Dance, 1967) and is confirmed in these 
patterns with RNA having v ir tu a l ly  identical d istr ibutions . The NAG 
pattern in the main gradient shows a single but rather broad peak around 
density 1.2g/ml. Thus the lysosomal fragments do not appear to contain 
NAG. A most intriguing feature of these patterns is the lack of the acid 
hydrolase peak at density 1.235g/ml which was quite d is t in c t  in the 
isopycnic respin of the small lysosome regions. A possible explanation 
is that the vigorous homogenisation (2,700 rev/min with the Potter type 
homogeniser) which is necessary to resuspend the microsomal p e lle t  in 2M 
sucrose may well disrupt the more dense lysosomes. A lternative  
explanations for this difference in the small lysosomes of the ML and
microsomal fractions are presented in Chapter 4, Section f .
The main protein peak, which is located at density 1.125g/ml,
contains mitochondria (succinic dehydrogenase peak) and smooth membranes 
of the ER and plasma membrane. The rather broad band of G-6-P'ase marks 
the position of the ER at 1.14-1.165g/ml which is the generally accepted 
density fo r  the smooth ER vesicles. The d is tinc t shoulder of the enzyme 
trace at higher densities, around 1.2g/ml, indicates the position of the 
rough ER vesicles. The plasma membrane marker enzyme, 5 ' -nucleotidase, 
has a very broad distribution (1 .1 2 -1 .18g/ml) and suggests that the kidney 
PM may exhibit a s imilar heterogeneity to that of the l i v e r  microsomal PM. 
The most interesting region is the very l ig h t  density of the front of the
5 ‘ -nucleotidase peak which is only found in the membranes of the Golgi 
apparatus. I t  may also represent a specific PM with a specific function 
which originates from a specific cell type of the kidney cortex.
3 . f  SUBFRACTIONATION OF RAT LIVER MICROSOMES
i ) d is tr ib u tio n s  of plasma membrane, endoplasmic reticulum and other 
structures
The investigations carried out in this laboratory to characterise and
purify large sheets of hepatic plasma membrane (Hinton et al ,^ 1971)
further led to the study of plasma membrane vesicles recovered in the 
microsomal fraction. The approach adopted to studying the microsomal PM 
vesicles, inspired by the work of Touster et al (1970) and others, was to 
subfractionate the microsomal fraction by equilibrium f lo ta t io n .  Whilst 
the method demonstrates the presence of small lysosomes and lysosomal 
fragments (see Fig 3.7) and other organelles the most important finding  
was that 5 ‘ -nucleotidase, the widely accepted marker enzyme for PM, was 
not uniformly distributed amongst the PM vesicles, as judged by i ts  
distribution  which differed s ign if ican tly  from that of the other PM marker 
enzymes.
The typical separation obtained by isopycnic f lo ta t io n  of the 
microsomal fraction is shown in Fig 3.27. The enzymes, whose
distributions are shown, are a ll essentia lly  PM or ER associated. The PM 
marker enzymes, 5 ' -nucleotidase, a lka line  phosphodiesterase, L-Leucyl 3- 
naphthylamidase, ADP'ase, UDP'ase and a lka line  phosphatase a l l  show some 
differences in th e ir  distributions. The most clear difference is between 
5 ' -nucleotidase, which peaks at density 1.14g/ml and the other PM markers 
which a ll  band at a density of 1.165g/ml. The la t te r  density value is
Fig 3 .2 7
Averaged distribution patterns of various ER and PM marker enzymes in the 
ra t l iv e r  microsomal fraction subfractionated by equilibrium f lo ta t io n .  
ATP'ase and UTP'ase represent Adenasine and Uridine triphosphatases 
respectively whilst ADP'ase and UDP'ase - are the corresponding 
diphosphatases. LNase is L-Leucyl-6-naphthyl-amidase. Other de ta ils  
are exactly as fo r Fig 3.21. Regions marked a, b, c, and d are as also 
shown in Figs 3 .7 ,  3.21, 3.26 and 3.28.
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consistent with the equilibrium banding position of smooth membranes and
also coincides with the peak of G-6-P'ase. The major proportion of
microsomal PM vesicles thus seems to be inseparable from the smooth ER
vesicles. Whilst c learly  the peak of the PM marker enzymes at density
1.165 g/ml is coincident for a l l  the enzymes except 5 ' -nucleotidase, the
d istribution profiles of these markers are s ign if ican tly  d if fe re n t in the
region of the 5 'nucleotidase peak. L-leucyl B-naphthylamidase, ADP'ase,
UDP'ase and alkaline phosphatase a ll  exhibit a d is tinc t shoulder in the
region (d Fig 3.27) of the AMP'ase peak. I t  is somewhat surprising that
2+
alkaline phosphodiesterase (assayed with Mg ) ,  which is often quoted as 
the second best PM marker, lacks th is  shoulder and thus does not para lle l  
the 5 ‘ -nucleotidase d is tr ibu tion . I t  is not clear why the peak of 
alkaline phosphodiesterase, assayed in the presence of EDTA (peak 
1.15g/ml) is shifted towards the 5 ' -nucleotidase. The distributions of 
ATP'ase and UTP'ase are very s iig h tly  d iffe rent from the other enzymes but 
th is  probably reflects  th e ir  dual localisation - PM as well as the 
mitochondrial inner membrane. The smooth membrane region (density 
1.165g/ml) does contain mitochondria, although no d istributions of 
succinic dehydrogenase are presented in Fig. 3.27.
The distr ibution of a lkaline RNase (presented in Section 3d, Fig 
3 .2 1 ), which ia a PM located enzyme, follows the majority of the enzymes 
but not 5'-nucleotidase. These fascinating results are discussed further  
in Chapter 4 , Section c.
i i ) Fractionation of microsomes from isolated hapatocytes and non-
hepatocytes
The possib ility  that the heterogeneous d istr ibution  of PM marker 
enzymes in the microsomal smooth membrane vesicles was due to d is t in c t  
vesicles originating from the d iffe ren t cell types of the l iv e r ,  was also 
investigated.
F irs t ly ,  hepatocytes and non-hepatocytes were separated by the method
described in Chapter 2, Section j .  and further discussed in the next
section g . i i ) .  After homogenisation the microsomal frac tio n , from each
cell preparation, was floated to equilibrium under the same conditions as
described for whole l iv e r  microsomes. Because of the very small amount
of material in the fina l microsomal pe lle ts , the f lo ta t io n  was carried out
with the 3 x 23ml swing-out rotor and not the B-14 zonal rotor. Thus the
fractions collected contained only enough material for  ju s t 4 enzyme
assays : 5'-nucleotidase, glucose-6-phosphatase, a lka line
2+
phosphodiesterase (with Mg ) and acid 3-glycerophosphatase. The 
distributions obtained are presented in Fig 3.28.
The most strik ing difference between the hepatocyte and non- 
hepatocyte 'microsomes' is the considerably lower banding density of a l l  
the membranous components in the non-hepatocytes. This most l ik e ly  
re flec ts  the more l ip id -r ic h  nature of these membranes. Another notable 
feature is that the hepatocyte 5 'nucleotidase pattern, whilst being 
d is t in c t from that of glucose-6-phosphatase, peaks at exactly the same 
density (1.145g/ml) as alkaline phosphodiesterase. These two enzymes 
(both PM markers) did not exhibit paralle l d istributions in the case of 
whole l iv e r  microsomes, with 5 'nucleotidase peaking at density 1.145g/ml 
and alkaline phosphodiesterase, together with a l l  the other PM markers, at
1.165g/ml. The d istr ibution of acid B-glycerophosphatase in the 
hepatocyte microsomes is consistent with that of the whole l iv e r  
microsomes, with some a c t iv ity  at density 1.165, a ttr ibu tab le  to lysosomal 
membrane fragments and some at density 1.205 which is due to in tact  
lysosomes.
In the subfractionated 'microsomes' of non-hepatocyte the PM markers 
5 'nucleotidase and a lkaline phosphodiesterase show v ir tu a l ly  identical 
peaks at density 1.135g/ml. From the figure (3.28) i t  is quite apparent 
that the hepatocyte and non-hepatoctye patterns of 5 ' nucleotidase are 
sign if ican tly  d if fe re n t. However, what is not apparent from the f ig ure ,  
since the enzyme a c t iv ity  is presented as a percentage of the to ta l  
loaded, is that the to ta l a c t iv ity  of 5 ' -nucleotidase is much higher in 
the non-hepatocytes than in hepatocytes. Thus the non-hepatocyte 
5 'nucleotidase would seem to make a s ignificant contribution towards the 
to ta l l iv e r  microsomal enzyme and may be at least partly  responsible for  
the discrepancy between the 5*nucleotidase and the other markers of the 
PM.
The glucose-6-phosphatase pattern amongst non-heptocytes is not 
particu larly  well defined. This is probably due to the extremely low 
a c t iv ity  of th is  enzyme in non-hepatocytes. The acid 3 -
glycerophosphatase pattern follows that of the PM markers and peaks at 
density 1.135g/ml. However, th is  classical lysosomal marker shows 
v ir tu a l ly  no a c t iv ity  in the region where lysosomes would be expected to  
band (1.205g/ml).
F ig  3 .2 8
Distribution patterns of marker enzymes a f te r  fractionation of microsomes 
from hepatocytes and non-hepatocytes. Microsomes were fractionated by 
equilibrium f lo ta t io n  in a 3 x 23 ml swing-out rotor spun a t 30,000 
rev/min for 16h. The distributions are averages of two experiments.
The values for distributions (absissa) are % a c t iv ity  (o f sample applied) 
in each 0.01 density increment (ordfnate). The hatched areas represent 
% a c t iv i ty  found below 1.08 g/ml and above 1.24 g/ml. Aik PD'ase is  
alka line  phosphodiesterase, acid phosphatase is acid 3-glycerophosphatase. 
a, b, c and d represent densities of 1,23, 1.205, 1.165 and 1.145 g/ml 
respectively.
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3 .g  ISOLATION OF HEPATOCYTES AND NON-HEPATOCYTES
i )  Separation of the cell types. The l iv e r  ce lls  were separated 
by a modification of the method of Seglen (1973a, 1973b, 1974),which is 
described in deta il in Chapter 2, Section j .  This study was undertaken 
to look at the subcellular organelle populations of the two major cell 
types of the l iv e r .  Although i t  was intended o r ig in a lly  to examine the 
enzymic composition and the properties of the complete range of 
subcellular strucutures from the two cell types only the microsomal 
fraction was investigated in any d e ta il .  The single major problem 
encountered was the very low y ie ld  of the non-hepatocyte preparation which 
could be obtained- from one batch (6-8 ra t l iv e rs ) .  The non-hepatocyte 
pe lle t and the subsequent homogenate were extremely d i f f i c u l t  to handle 
because of a th ixotropic/stringy texture which caused reaggregation and 
the need to rehomogenise. This was attributed to the formation of 
nuclear gels since these preparations did contain some free nuclei. To 
a lle v ia te  the problem DNase (0.5 mg/ml, Sigma, Type I I I )  was added to the 
cell suspension immediately before homogenisation. However, the success 
of th is  treatment was not conclusive.
The v ia b i l i t y  and purity of the preparations is summarised in Table 
3.8. The hepatocyte preparations contained some non-hepatocytes.
However, the 11.6% may appear high when expressed as numbers of ce lls  but 
constitutes a much lower amount by volume (or protein) since the non- 
hepatocytes are so much smaller in diameter. The non-hepatocyte 
preparation, which contains Kupffer cells  and endothelial c e l ls ,  is  
contaminated with damaged red c e lls ,  free nuclei and cell debris.
The in te g r i ty  of the cell preparations was also examined by electron  
microscopy. The cells  were prepared by prefixing with glutaraldehyde
Table  3 .8  V i a b i l i t y  and contam ination  o f  th e  l i v e r  c e l l  p re p a ra t io n s
V ia b i l i ty
Assessed by trypan 
blue exclusion.
Viewed by phase 
contrast, mag x 400
*Whilst no counts were made because of the d i f f ic u l ty  in distinguishing  
between dead Kupffer ce lls  and free nuclei, i t  was possible to make a 
visual assessment o f v ia b i l i ty .
Contamination
Assessed as v ia b i l i ty  a)
% hepatocytes
Non-hepatocytes* 0
*  Preparation contained s ign ificant numbers of damaged red ce lls  (approx 
4 per c e l l )  and some free nuclei (about 0.5 per c e l l ) .
% non-hepatocytes
Hepatocytes 11.6% + 2 . 8  (7)
Hepatocytes 84.1% + 3 . 4 ( 7 )
Non-hepatocytes (estimated s im ilar to Hep)*
followed by osmic acid, dehydration and embedding in EPON. The 
morphology of the preparations is presented in Fig 3.29 in which a) 
represents a typical hepatocyte with some indication of change in the 
structure of the plasma membrane. A cluster of Kupffer ce lls  is seen in 
3.29 b) whilst 3.29 c) shows a typical isolated endothelial cell with i ts  
characteristic  fenestrations at one end of the rounded-up c e l l .  A 
variety  of non-hepatocyte cells  is seen in 3 d) with two damaged red ce lls  
on the l e f t ,  one damaged Kupffer cell in the centre, in tac t Kupffer on the 
r igh t and a binucleate cell which could be a polymorph at the bottom.
i i )  Enzymic composition of the subcellular fractions
The specific a c t iv it ie s  of 5 marker enzymes in the l iv e r ,  hepatocytes 
and non-hepatocytes are presented in Table 3 .9 , 5 'nucleotidase has a much 
higher a c t iv ity  in the non-hepatocytes. This point has already been 
noted in the comparison of microsomal 5 ' -nucleotidase in the two ce ll  
types. Alkaline phosphodiesterase, which is also a PM marker, s im ilar ly  
has higher a c t iv ity  in the non-hepatocytes. Glucose-6-phosphatase is 
known to be low in non-hepatocytes but i t  is not c lear why the hepatocyte 
a c t iv i ty  is so much lower than that of l iv e r .  Acid phosphatase, as is  
the case of a ll  acid hydrolases, is higher in non-hepatocytes but again i t  
is odd that th is  a c t iv i ty  is lower than that of l iv e r .  Succinic 
dehydrogenase, the classic mitochondrial marker, is  reported to be 
extremely low in non-hepatocytes. Indeed Kupffer cells  appear to contain 
very few mitochondria (see Fig 3.29 b).
Fig 3 .2 9
Morphology of isolated hepatocytes and non-hepatocytes. Cells in 
suspension were fixed with 1% glutaraldehyde, then with osmium tetroxide.  
After dehydration they were embedded in EPON and examined with the JEOL 
100B electron microscope.
a) Hepatocyte (x 2826)
b) Kupffer cells  (x 3720)
c) Endothelial cell (x 5436)
d) Damaged c e lls ,  Kupffer c e l l ,  2 red cells  and a polymorph (x 3816).
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Table 3.9 Comparison of enzyme a c t iv it ie s  in the homogenates of 
hepatocytes, non-hepatocytes and whole l iv e r .  The results are expressed 
as mean + standard error (number of experiments). The values for whole 
l iv e r  are averages of numerous measurements made by colleagues and the 
author in th is  laboratory.
Enzyme A ctiv ity  (wnoles/min/g/protein)
Liver Hepatocytes Non-hepatocytes
5 ‘ -nucleotidase 56.6+ 610(31) 50.0 + 7 .0(4) 123.0+ 30(4)
Alkaline phospho­
diesterase 4.7 + 1.0 (9) 3.93 + 1.92 (4) 5.31 + 1.22(4)
Glucose-6-phosphatase 50.0 + 6.0(26) 27 (1) 15 (1)
Acid phosphatase 64.0 + 14.0(8) 3 5 . 0 + 6 , 0 ( 3 ) 44.0 + 3 .0 (3 )
Succinic dehydrogenase 31.2 + 5.4(8) 26.0 + 7 .0(3) 4.4 + 0 .5(3)
The percentage distributions of some of the marker enzymes in the 
subcellular fractions of the two ce ll preparations is summarised in Table 
3.10. The fractions prepared, which unfortunately contained a combined 
p e lle t  as the N and M+L fractions were : H (homogenate), N+ML (combined
nuclear and mitochondrial, lysosomal), M (microsomal) and S (cytosol or 
supernatant). Since the main purpose of these experiments was to pepare 
microsomes as rapidly as possible, a f te r  a lengthy cell separation 
procedure, precious time was saved by preparing the combined N and ML 
fraction .
Table 3.10 Recovery of four marker enzymes in the subcellular fractions  
of the hepatocyte and non-hepatocyte homogenates. The values are 
averages of two experiments in which the tota l recoveries were better than 
+ 10% of the homogenate. The recoveries of the same enzymes in the same 
fractions of whole l iv e r  are also shown. These values are averages of 
between 2 and 32 measurements made by colleagues and the author in th is  
laboratory over a number of years.
5 'Nucleotidase G-6-P'ase Acid P'ase Aik PD'ase Protein
_Hepatocyte N+ML 85.5 83.8 82.6 80.3 65.9
MIC 7.7 6.4 5.9 12.8 5.6
SUP 3.1 1.7 6.2 5.9 26.9
Total 96.3 91.9 94.7 98.5 98.4
Non-hepato N+ML 73.4 72.7 79.9 75.5 75.5
cyte
MIC 16.7 . 9.5 5.4 20.0 3.1
SUP 11.1 14.9 6.3 0.2 19.9
Total 101.2 97.1 91.6 95.7 98.5
Whole N+ML 70.4 47.4 68.4 60.1 44.8
l iv e r
MIC 17.9 38.7 10.1 18.9 13.4
SUP 10.7 8.2 13.3 16.8 41.9
Total 99.0 94.3 91.8 95.8 100.1
The plasma membrane marker enzymes 5 ' -Nucleotidase and alkaline  
phosphodiesterase show a higher recovery in the microsomes of non- 
hepatocytes. This is also consistent with th e ir  higher specific  
a c t iv i t ie s  in those ce lls .  The cytosol of non-hepatocytes also contains 
a s ig n if ican tly  higher percentage of glucose-6-phosphatase and 
5'nucleotidase. The G-6-P'ase value is rather high considering that th is  
enzyme is reported to be very strongly membrane bound. The PM enzyme 5 ' -  
nucleotidase is also s lig h t ly  high in the cytosol but the notable feature  
is  the other PM marker a lkaline phosphodiesterase, which is almost 
completely absent in the non-hepatocyte microsomes. The low recovery of 
acid phosphatase in the cytosol of hepatocytes and non-hepatocytes would 
suggest that the lysosomes of the isolated cells  are more stable when 
isolated in this way than when prepared d irec tly  from a l iv e r  homogenate.
The rather d iffe ren t distributions of protein in l iv e r  and the two cell 
types may simply re fle c t  the serum contribution since the l iv e r  was not 
perfused.
CHAPTER 4
DISCUSSION
4 a PURIFICATION OF HEPATIC LYSOSOMES
i ) C r ite r ia  of purity
The purity of the rat l iv e r  lysosomes, isolated by the procedures 
described in Chapter 3, Section a . i i )  (see also Dobrota and Hinton, 1980), 
is expressed as the Relative Specific A ctiv ity  (RSA - a c t iv i ty  in the 
fraction divided by the a c t iv ity  in the homogenate) of f iv e  acid 
hydrolases (see table 3 .2 ) .  The average purification value of acid 
phosphatase, acid phosphodiesterase, p-galactosidase, acid RNase and 
Cathepsin D was 55.9. Of these f ive  lysosomal enzymes acid phosphatase, 
B-galactosidase and acid RNase are considered as the more re l ia b le  
enzymes. There is some doubt about the useful 1 ness of acid
phosphodiesterase as a lysosomal marker because some a c t iv i ty  at acid pH 
is also associated with the plasma membrane (Dobrota et al_, 1978), whilst 
the nature of the Cathepsin D assay results in poor reproduc ib ility . The 
average purification of the other three enzymes is about 61 -fo ld , which is 
one of the highest purifications achieved with 'normal' unmodified 
lysosomes. A similar purification of normal l iv e r  lysosomes was achieved 
by Van Dijk et al_ (1976) whose approach to high purity was to reduce the 
mitochondrial contamination by increasing the density with INT, the 
Iodotetrazolium substrate often used in the succinic dehydrogenase assay. 
The highest purification of hepatic lysosomes was reported by Wattiaux et 
al (1978) who observed that in metrizamide gradients lysosomes are less 
dense than mitochondria and employed the property to very good e ffec t to 
achieve a 66-80 fold purif ication . These two examples are quoted not only 
because of the high purity achieved but also because they achieved i t  with 
normal lysosomes whose density was not modified by agents which accumulate 
in secondary lysosomes. The purifications and yields of normal and 
modified lysosomes achieved over the las t few years by a number of workers 
are l is te d  in Table 4.1.
Table 4.1 Purifications and yields of l iv e r  lysosomes isolated by 
a number of d if fe re n t methods. The RSA presented is a 
mean of the RSA values obtained with a number of enzymes.
Ref.
Purification  
RSA Range Yield
Modified or 
normal
Leighton et a l , 
1968 ~~ ~
34 22-48 *19 Modi f i  e d -tr i  tosomes
Beaufay, 1972 
Thines-Sempoux, 
1973
36.7 26-43 9.4 Modified-dextran
Arborgh et a l , 
1973a
34 33-35 12 Modified-iron-sorbitol 
( f e r r i t i n )
Henning & Plattner  
1974
25 15-47 - Modified-colloidal gold
Van Di jk  et a l , 
1976
61 60-62 11.6 Normal
Stahn et a l , 1970 - 40-238 - Normal -  but e lec tro ­
phoretic method
Wattiaux et a l , 
1978
73 64-80 11 Normal
Present study 61 48-71 6 Normal
An interesting outcome of collating the data shown in table 4.1 is  
the variation in the RSA of the d iffe ren t acid hydrolases. These 
variations are in some cases quite significant and pose the obvious 
problem of which enzymes are the best lysosomal markers and should 
therefore be chosen to indicate the degree of purif ication . Two extreme
examples are the tritosomes, with aryl sulphatase having an RSA of 27.6 
whilst Cathepsin D is 190 (th is  value is not included in table 4.1) and 
normal lysosomes isolated by free flow electrophoresis (Stahn et aj[, 
1970) which gives purifications of 238 fo r  aryl sulphatase and 40 for acid 
phosphatase. In some of the work lis ted  in Table 4.1 NAG regularly gives 
the highest RSA. I t  is l ik e ly  that the variations in the purifications of 
d iffe re n t lysosomal enzymes are caused by lysosomal heterogeneity. The 
d iffe ren t purification methods, l is ted  in Table 4.1 are also quite l ik e ly  
to y ie ld  d iffe ren t populations of lysosomes with d iffe ren t complements of 
acid hydrolases. They could also re fle c t  selective intralysosomal loss 
(by the hydrolytic enzymes) of some enzymes during the iso lation  
procedure. The variations do, however, serve as a warning that meaningful 
purification  values can only be obtained by assaying a number of lysosomal 
marker enzymes rather than only one or two.
The purification method described in th is thesis, although giving a 
re la t iv e ly  low y ie ld  of about 6% does o ffe r  a d is tin c t advantage of large 
scale in that up to 200g of l iv e r  can be processed in a single batch. 
This method is cheap on consumable materials ( i . e .  sucrose) but is 
expensive on capital equipment (needs two zonal rotors) and r e la t iv e ly  
demanding on technical expertise. The method of Wattiaux et a\_ (1978), 
whilst producing fa r  fewer lysosomes per batch and being expensive on 
consumables (metrizamide) is less expensive in terms of capital equipment, 
is in princip le  technically simpler to carry out and does y ie ld  a somewhat 
purer preparation. Their method is not quite as straightforward as i t
appears though. Two attempts by us to isolate  l iv e r  lysosomes by the 
method of Wattiaux et al_ (1978) fa iled  to resolve the lysosomes from the 
main band of mitochondria, ER etc. probably because of inexperience in 
handling metrizamide gradients. I t  is acknowledged, however, that th e ir  
iso lation procedure is now being used successfully in other laboratories  
(Ahlberg et al_, 1982; Burnside and Schneider, 1982).
Expressing purity as Relative Specific A ctiv ity  only indicates the 
degree of enrichment over the original homogenate. In order to establish  
what proportion of the sample is a ttributab le  to lysosomes and to other 
subcellular components i t  is necessary to apply the specific a c t iv i t ie s  of 
a number of marker enzymes (fo r  lysosomes and other components) to the 
"assignment" formula. This biochemical assessment of purity  is based on 
the approach of Leighton et al  ^ (1968) which assumes that the l iv e r  
homogenate contains 20% mitochondrial (Beaufay, 1969), 2.5% peroxisomal, 
21% endoplasmic reticulum (Leighton et al_, 1968), 2.6% plasma membrane 
(Beaufay et aj_, 1974) and 1% lysosomal (Beaufay, 1969, Blouin et a]_, 1977) 
protein. The percentage protein contribution of the c e l lu la r  organelles 
in the homogenate is multiplied by the RSA of the best marker enzyme fo r  
that organelle to give the % protein contribution of that organelle in the 
purified sample. For lysosomes the value is obviously numerically the 
same as RSA; since the l iv e r  contains 1% lysosomal protein. The 
relationship is however very useful fo r  determining the re la t iv e  
proportions of the contaminants. From the purifications given in table
3.2 the percentages of protein a ttributab le  to each organelle type present 
in the purified lysosomes has been calculated, and is presented in table
4.2 together with the assignment values quoted by Wattiaux et al_ (1978) 
fo r  th e ir  preparation of purified lysosomes.
Table 4.2 Assignment of protein to the individual components 
present in the purified l iv e r  lysosomes.
% Protein 
in l iv e r x RSA (enzyme
% Total 
protein 
attributed  
to
organelle
% Protein 
quoted by 
Wattiaux 
et aT (1978)
Mitochondria 20 x 0.98 (SDH) 19.6 3.8
Peroxisomes 2.5 x 3.76 (Catalase) 9.4 0.3
ER 21 x 0.83 (G-6 -P 'ase) 17.4 4.9
Plasma
membrane 2.6 x 0.54 ( 5 1-Amp'ase) 1.4 19.7
Lysosomes 1 X 61 (Acid
hydrolases
Total
61
108.8
68
The assignment results (Table 4.2) show that the major contaminants 
of the purified  lysosome preparation are mitochondria 19.6%, ER 17.4% and 
peroxisomes 9.4%. In view of the d is tinc t overlap of the acid hydrolase 
peak with succinic dehydrogenase (see Fig. 3.4) i t  is not too surprising 
that mitochondria are such a s ign ificant contaminant. The re la t iv e ly  high 
ER contamination is ,  however, d i f f i c u l t  to explain. I t  is of course 
possible that the 17.4% protein assigned to the ER is an overestimate. 
The ER marker enzyme glucose-6-phosphatase was assayed in the presence of 
ta r t ra te  in order to in h ib it  the non specific hydrolysis of glucose-6- 
phosphate by acid phosphatase (Brightwell and Tappel, 1968). The e ffec t  
of ta r t ra te  is to abolish most of the acid phosphatase a c t iv i ty  but this  
is by no means to ta l and a s ign ificant proportion of G-6-P'ase could s t i l l  
be due to acid phosphatase. Another possible explanation may be that the 
assignment calculation is wrong because of gross inaccuracies in the G-6- 
p'ase RSA caused by the extremely low a c t iv ity  (close to the detection  
l im it )  of th is  ER marker in the lysosomal preparation. I f  G-6-p'ase was 
resistant to proteolytic attack the ER contamination could possibly be due 
to secondary lysosomes of autophatic origin containing s ign if ican t amounts 
of the endogenous ER. I t  is also possible that the remnants of the 
cytoskeletal system of microtubules and microfilaments may bind lysosomes 
to the ER (and other structures), even a fte r  homogenisation, such that 
they remain associated and cosediment near the lysosomal banding density. 
This kind of association, about which nothing is known in terms of 
fractionation studies, might also explain some of the d i f f i c u l t ie s  
encountered in achieving 'complete' p u r i f ic a t io n s . '
About 9% of the protein in the lysosomal preparation is a ttr ib u ta b le  
to peroxisomes which also represent a major contaminant. Peroxisomes were 
rather surprisingly found to band at the same density as lysosomes (see 
Fig. 3 .4 ) .  This is e ither due to a specific e ffect of the EDTA on
peroxisomes, which is not evident in the rate zonal spin (Fig. 3.2) or 
possibly to the lysosome-rich region of the rate spin containing 
pre fe ren tia l ly  smaller peroxisomes of lower density than th e ir  normal 
equilibrium density of 1.23 (Leighton et aj 1968). In contrast to the 
lysosomal preparation of Wattiaux et al_ (1978) th is  preparation is not 
s ig n if ican tly  contaminated by plasma membrane. The low 5 ' -nucleotidase 
a c t iv ity  in the lysosomal preparation therefore suggests that the high PM 
contamination of lysosomes prepared by Wattiaux et al_ (1978) is real and 
cannot be explained by the lysososome-located 5'-nucleotidase.
Since the l iv e r  homogenate contains 1% lysosomal protein i t  is  
evident that the completely purified lysosomes w ill  reach an acid 
hydrolase RSA of 100. This theore tica lly  maximal value is an in teresting  
index for comparing the variations in the RSA values of a number of acid 
hydrolases in the same lysosomal preparation. To choose an extreme case 
the RSA of 238 fo r  aryl sulphatase, achieved by Stahn et al_ (1970) by the 
free flow electrophoresis method, is considerably higher than fo r  the 
other acid hydrolases (40-60). Such high RSA values could be used to 
support the suggestion that specific lysosomal populations contain only 
specific enzymes. However, since no tangible evidence is available to  
support th is  suggestion i t  is appropriate to adopt the much more l ik e ly  
hypothesis that a l l  acid hydrolases are present in a l l  lysosomes but not 
in the same proportions. The variations thus represent d if fe re n t forms of 
heterogeneity, which is discussed in Section 4 .e .
i i ) C rit ica l view of the purification  method
The method developed for purifying l iv e r  lysosomes, is undoubtedly a 
valuable one since i t  gives the second highest purif ica tion  reported (see 
table 4 .1) and provides the highest capacity of any reported method
(Dobrota and Hinton, 1980). However, the purpose here is to discuss some 
of the lim itations of this method and also to examine how the method could 
be improved to give even high purifications.
The results presented show conclusively that the use of EDTA is
advantageous in reducing the rough ER contamination in the lysosomal
preparation. The improvement in purif ication  from 20-fold (see Table 311)
to 60-fo ld  is attributable  en tire ly  to the use of EDTA. In the quest to
improve the purification i t  would be important to examine why (in  the
presence of EDTA) the lysosomes s t i l l  contain s ign ificant amounts of ER
and why the peroxisomes band at the same density as lysosomes. This may
simply be a question of choosing the optimal concentration of EDTA (see
chapter 3, section a . i i )  to achieve degranulation of rough ER vesicles or
possibly of resorting to a d iffe ren t chelating agent to achieve the 
2+
removal of Mg which is essential for maintaining the ER-polysome bond.
To achieve a better purif ication  of normal l iv e r  lysosomes the 
mitochondrial contamination must also be reduced. I t  has been noted, in a 
few experiments conducted since th is  study was completed, that in the rate  
zonal spins of the l iv e r  ML fraction a d is tinc t t r a i l in g  edge in the 
succinic dehydrogenase pattern occurs indicating a greater proportion of 
smaller mitochondria than is i l lu s tra te d  in Fig 3 .2 . " These smaller 
mitochondria overlap with the lysosomes to such an extent that i t  is not 
possible to exclude them from the pooled lysosome-rich region (indicated  
as the bar in Fig. 3.2) without excluding most of the lysosomes. This 
change in the expected sedimentation properties of mitochondria was 
particu larly  noticable during the separation of lysosomes from female rat  
l ivers  and from male rats of a d if fe re n t strain (Sprague-])awley).
Such a change in the properties of mitochondria means that th e ir
sedimentation coeffic ient overlaps s ign if icantly  with that of lysosomes 
and that i t  is only possible to remove them by some form of density
pertubation. Such an approach was used to very good e ffec t by Van Dijk  
et al_ (1976) who incubated the l iv e r  'ML' fraction with succinate and INT 
thus precipitating the INT selectively  in the mitochondria thereby 
increasing th e ir  density. This method was used in the present study to  
t re a t  the resuspended 1L1 fraction prior to the rate zonal sedimentation 
in the hope that the small mitochondria would sediment further and thus be 
clear of the lysosome rich region. Whilst the method appeared to achieve 
th is  i t  also caused aggregation of v ir tu a l ly  a l l  the subcellular
structures, including those lysosomes which had cosedimented with the 
mitochondria (as in the pattern shown in Fig 3 .2 ) .  A fter two 
unsuccessful attempts i t  was concluded that the method would require
considerable adaptation before i t  could possibly be used routinely and as
time was limited no futher work on these lines was conducted.
A second approach to increase the density of mitochondria, which was
not tr ie d  in this study, would be to employ KH PO as recommended by
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Lardeux et al_ (1983). This method is claimed to increase the
sedimentation rate of mitochondria so e ffec tive ly  that the resultant ' L1
fraction is essentia lly  free of them. A sim ilar approach t r ie d  with 
2+
Ca ( in experiments which are not i l lu s tra te d  ) , . which also increases 
the density of mitochondria,confirmed that mitochondrial contamination can 
marginally be reduced during the rate spin (and thus in the 1L1 p e l le t )  
but was l ik e ly  to cause further problems. Thus i f  the pooled lysosome- 
rich region contains even a small amount of the mitochondria which are now 
denser, they w ill  most l ik e ly  band much nearer to the lysosomes 
during the isopycnic spin. Thus the improvement achieved in the rate spin 
would be lost in the isopycnic spin. A s im ilar e ffect was also observed 
when the INT treated sample which when spun to equilibrium produced a
broad band of mitochondria which overlapped s ign if ican tly  with lysosomes, 
although the main peak was at a s lig h t ly  higher density. Clearly th is  
type of approach cannot succeed in achieving a s ig n if ican tly  better  
purification  of lysosomes unless the mitochondria can be to ta l ly  excluded 
before the isopycnic spin.
Another approach which may be rewarding would be to take much more 
care over the mitochondrial in teg rity  during the isopycnic spin since i t  
is damaged mitochondria that are probably the main contaminant at th is  
stage. This could be accomplished in two ways. F i rs t ly ,  the whole 
procedure, from the preparation of the homogenate to the choice of 
gradient m ateria l, buffer, ionic strength etc. should be carefu lly  chosen 
to maintain mitochondrial in teg rity  and avoid damage. The majority of 
the mitochondria should, in these circumstances, band at th e ir  normal 
density of 1.16 g/ml (in sucrose) and remain well resolved from the
lysosomes. Without resorting to such measures mitochondrial damage,
which is caused by hypotonicity and high hydrostatic pressure (Wattiaux,
1973), may be minimised by the use of very short gradients (eg. in the 
'Beaufay' rotor or the vertical tube rotor) and short sedimentation paths 
which generate very low hydrostatic pressures and achieve equilibrium very 
quickly. Some evidence that th is  approach could be rewarding was 
provided by experiments in which the duration of the B-14 zonal spins was 
reduced from 16h to lh 45min. Also, in order to assess i f  mitochondrial 
contamination could be minimised, a much wider lysosomal region from the 
rate zonal spin was chosen deliberate ly  since i t  was r e la t iv e ly
'contaminated' with mitochondria, for  the short equilibrium spin. The 
pattern of succinic dehydrogenase (dotted line  in Fig 3.4) shows c le a r ly  
that most of the mitochondria were undamaged and banded at th e ir  normal 
density of 1.16 g/ml. The purifications of lysosomal encymes achieved in
these short spins were comparable to those achieved in the normal 
overnight spins. However, the bonus of starting with a wider "cut" of 
lysosomal populations (from the rate spin) was an average recovery of 10% 
fo r  acid phosphatase as compared to 6% achieved in the 16h spin. Whilst 
realis ing  the advantages of these short spins, they were not conducted 
routinely only because i t  proved extremely laborious to f i t  two zonal 
spins and the subsequent enzyme assays into a 'reasonable' working day.
4.b STUDIES ON DISRUPTED HEPATIC LYSOSOMES
The study of d istr ibution patterns of the various marker enzymes 
obtained a f te r  the isopycnic banding of disrupted lysosomes (see Fig 3.8)  
has provided valuable information about lysosomal heterogeneity. Whilst 
heterogeneity is discussed la te r  on in this chapter (Section e . ) .  This 
section w il l  b r ie f ly  examine the enzyme composition and structural aspects 
of the disrupted lysosomes. I t  is important to note that these studies 
were performed before the development of the EDTA purif ication  method and 
thus re la te  to lysosomes which were approximately 20-fold purified (see 
Table 3 .1 ) .
The enzyme distributions obtained on the isopycnic banding of in tact  
lysosomes (Fig 3.3) showed that a l l  the acid hydrolases are located in a 
well defined peak banding at density 1.205 g/ml. After the lysosomes had 
been p a r t ia l ly  disrupted with the Polytron homogeniser a peak of acid 
phosphatase was found at an equilibrium density of 1.165 g/ml, in addition  
to a small peak of intact lysosomes, and some soluble a c t iv i ty  (Fig 3 .8 ) .  
The most interesting feature is that of a l l  the acid hydrolases measured 
only acid phosphatase (assayed with three d iffe ren t substrates) was 
present in the new peak. From the percentage of acid hydrolases located 
below density 1.13 g/ml, i t  is c lear that acid phosphatase is the least
solubilised by the disruption process. Assay of acid phosphatase with 
and without Triton X-100 showed that there is no latency in the new peak. 
From the evidence presented, i t  is probable that a part of the acid 
phosphatase a c t iv i ty  is associated with the lysosomal membrane. Membrane 
association of acid phosphatase has also been shown by Sloat and Allen  
(1969) who concluded that this enzyme d iffe rs  in electrophoretic m obility  
from the soluble acid phosphatase present in lysosomes. Baccino et a l , 
(1971) observed that only a part of the acid phosphatase a c t iv i ty  was 
released on disruption of lysosomes, that the membrane associated a c t iv i ty  
was not solubilised by 0.1M KC1 and that the soluble acid phosphatase was 
not adsorbed onto membranes. Membrane association of acid phosphatase 
has also been reported in the membranes of Triton WR-1339-loaded lysosomes 
by Berzins et a l , (1975) and Thines-Sempoux (1973). The conclusion that 
acid phosphatase is associated with the lysosomal membrane is also 
supported by the presence of acid phosphatase containing membranous 
fragments in the microsomal fraction (Dobrota et a l , 1978).
Examination of the lysosomal membrane region (Fig 3.10) by EM showed 
a great variety  of smooth membranes and no in tact lysosomes or 
mitochondria. From th e ir  size and from the presence of non-lysosomal 
markers ( 5 'nucleotidase and low amounts of succinic hydrogenase), i t  seems 
that some membrane fragments were not of lysosomal orig in . Cytochemical 
staining fo r  acid phosphatase confirmed that a number of the membranous 
fragments were not lysosomal (Fig 3 .12 ). The general conclusion is  
therefore that the lysosomal membrane region is contaminated by other 
smooth membranes.
The question of whether other acid hydrolases are associated with the 
lysosomal membrane is rather more d i f f i c u l t  to answer. 3-galactosidase  
almost certa in ly  is not as is evident from its  d is tr ibu tion  pattern and
also from the observations of Baccino et a l , (1971). Acid RNase and acid
phosphodiesterase s im ilarly  do not seem to be membrane associated. No
results on Cathepsin D are available but Dean (1975) concluded that in
Tritosomes th is  enzyme is largely soluble. Dean (1975) also concluded
that Cathepsin B and $-glucuronidase is ,  however, most l ik e ly  due to  
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the microsomal enzyme. The problem of assessing membrane association in 
the fraction which contains the additional acid phosphatase peak [see 
Chapter 3, Section b .11)] is that at th is  density (1.165 g/m) considerable 
amounts of other smooth membranes (mostly of PM orig in) are found. 
Whilst from the acid phosphatase pattern lysosomal membranes appear to be- 
f a i r ly  pure (RSA of acid phosphatase is 23-41) th is  may not be pure enough 
[as is evident from the morphology (Fig 3.10) and cytochemistry (Fig 3.12) 
of the membrane region] fo r  d e fin it iv e  conclusions about the enzymic 
composition of lysosomal membranes.
The iden tity  of the 'new' acid phosphatase peak at density 1.165 g/ml 
was also investigated by carefu lly  comparing the distributions of enzymes 
which are not acid hydrolases but are nonetheless associated with 
lysosomes. The distributions of a lkaline RNase, a lka line
phosphodiesterase (Fig 3.18) and L - le u c y l -3 -naphthylamidase (Fig 3.8) 
coincide well with the acid hydrolases and th is  therefore could be taken 
to  imply that these enzymes are also lysosomal (see Section c. of th is  
chapter). Since they also do not exhibit latency, they would appear to  
be associated with the lysosomal membrane and could be considered at f i r s t  
sight as useful markers. The patterns of these three enzymes amongst the 
disrupted lysosomes, however, do not coincide with acid phosphatase and 
exhibit no clear peak in the lysosomal membrane region (density 1.165 
g/m l). The apparent association of a lkaline RNase with the lysosomal 
membrane, discussed in the next section (c ) ,  is most probably due to an ER 
located enzyme. No conclusions can be drawn about the association of the
RNase and phosphodiesterase with lysosomal membranes because th e ir  
patterns are too s im ilar to that of 5 ' -nucleotidase. Since a l l  three 
enzymes are well established plasma membrane markers (Prospero et a l , 
1973; N o rr is ,1973), i t  can be argued that the RNase and phosphodiesterase 
simply re f le c t  the d istr ibution of plasma membrane. However, the pattern 
of 5 ‘ -nucleotidase, which is the best known plasma membrane marker, shows 
a d is t in c t  peak at density 1.20 g/ml, the position of in tact lysosomes. 
This is probably due to a lysosome-located 5 ' -nucleotidase (Wattiaux et 
a l , 1978) which makes the use of this enzyme somewhat questionable as a PM 
marker in preparations highly enriched in lysosomes. The pattern of L- 
leucyl- g-napthylamidase, amongst the disrupted lysosomes, does not follow  
the other PM enzymes, a lkaline RNase or phosphodiesterase, with a single  
peak at the in tact lysosome position (Fig 3 .8 ) .  I t  is c learly  not 
possible, without much more work, to draw any f in i t e  conclusions about the 
association of these enzymes, with the lysosomal membrane because of th e ir  
apparently dual location (PM and lysosomes).
In the l ig h t  of these inconclusive results, i t  is unfortunate that  
only one preliminary experiment could be performed in which the highly 
purified lysosomes were subjected to disruption followed by isopycnic 
banding. The experimental conditions only permitted the measurement of 
acid phosphatase (Fig 3.9) which produced a single broad peak between 
density 1.15 to 1.17 g/ml with no peak at the in tact lysosome density 
(1 .205). This suggests that the disruption conditions, worked out to 
give partia l disruption of re la t iv e ly  impure lysosomes, caused complete 
disruption of purified lysosomes. The result is ,  however, encouraging 
because the peak of acid phosphatase was present in the lysosomal membrane 
region of the gradient.
These studies on fractionating disrupted lysosomes have shown that 
acid phosphatase is associated with a membranous fraction which can only 
be attributed to lysosomal membranes. The work has also generated some 
in triguing questions about the heterogeneous enzymic composition of the 
lysosomal membrane and has provoked much thought about future work. 
F irs t ly ,  i t  is c learly  essential, fo r  the establishment of the 
heterogeneity of hepatic enzymes, to s tart with highly purified lysosomes, 
since even the most pure lysosomes s t i l l  contain considerable amounts of 
non-lysosomal protein [see Section a . i i )  of th is Chapter]. Disruption 
should be done with the Polytron or Turrax because th is  was demonstrated 
to o ffe r  controlled and reproducible homogenisation. The vigour of the 
method should be determined to achieve only partia l disruption of the 
lysosomes. The starting preparation needs to be of a large scale since 
the anticipated protein y ie ld  of lysosomal membranes, even from 200g of 
ra t l iv e r ,  is l ik e ly  to be just a few milligrams. I t  would be important 
to assay a wider range of marker enzymes particu la rly  acid hydrolases such 
as DNase, lipase, sulphatases, ami nopeptidases, N-acetylhexosaminidase and 
glucuronidase which are present in d iffe ren t proportions in the lysosomes 
of the d if fe ren t cell types of the l iv e r  (Knook and Sleyster, 1980) and 
should thus give some indication of lysosomal heterogeneity a ttributed to  
the d if fe ren t cell types. As well as examining the lysosomal enzymes, 
involved in the degradation of macromolecules, the uptake and fa te  of 
asialoglycoproteins and other proteins in the purified lysosomes should 
also be studied. The iden tity  of lysosomal membranes and smooth membrane 
vesicles, in the disrupted lysosomes, should be established by careful EM 
cytochemical staining fo r  acid phosphatase, G-6-P'ase and 5 ' -nucleotidase.
4.c RIBONUCLEASES AND OTHER ENZYMES OF LIVER LYSOSOMES
Although f a i r ly  comprehensive studies have been carried out to
investigate the distributions of nucleases in a ll  the subcellular 
organelles of the l iv e r ,  only the nucleases associated with the lysosomal 
fraction  are discussed here. This is because the scope of th is  thesis is 
essentia lly  concerned with lysosomes and also because nucleases form an 
interesting group of enzymes of which a number do not have acid pH optima.
Apart from the lysosomal acid nuclease a c t iv i ty ,  the overall nuclease 
a c t iv i ty  of lysosomes is not well documented. Whilst acid DNase and 
RNase have been shown to be typical acid hydrolases (de Duve et a l , 1955), 
involved in the lysosomal degradation of nucleic acids, other nucleases 
have also been observed and tenuously associated with lysosomes (Roth, 
1967, Bartholeynes et a l , 1975). Results presented in Chapter 3, Section 
d. indicate that nucleases (measured as RNases and phosphodiesterases) 
with acid, neutral or a lkaline optima may be associated with lysosomes. 
The very spread patterns of a lka line  RNase and phosphodiesterase in the 
fractionated 'ML1 (Fig 3 .17 ), would suggest the presence of a number of 
overlapping a c t iv it ie s  due to d iffe ren t enzymes with d if fe re n t locations. 
The best evidence for lysosomal association of the a lka line  nuclease 
a c t iv i ty  is shown by the isopycnic spins of impure (Fig 3.18) and pure 
lysosomes (Fig 3.19) in which the a lkaline nuclease a c t iv i ty  exhibited 
exactly the same pattern as the acid RNase and other acid hydrolases. 
This a c t iv i ty  is s lig h tly  activated by EDTA and therefore cannot be due to  
the plasma membrane enzyme as th is is inhibited by EDTA. The p o s s ib il i ty  
that th is  'a lk a lin e ' a c t iv ity  may be due to mitochondrial or ER nucleases, 
can be discounted, since the d istr ibution  of th e ir  respective markers 
(succinic dehydrogenase and G-6-P'ase) is quite d if fe re n t.
Comparison of the d istribution of a lka line  RNase in the isopycnic 
spins of disrupted lysosomes (Fig 3.20) with that of acid phosphatase and 
other acid hydrolases also suggests that th is  enzyme has a lysosomal
location. The fact that a lkaline RNase is readily solubilised (see 
hatched area below density 1.13 in Fig 3.20) by the disruption process, 
may suggest that : 1) i t  is intralysosomal or 2) i t  may be loosely bound
to the lysosomal membrane or 3) i t  represents carryover of a c t iv i ty  of the 
acid enzyme. The acid phosphatase peak at density 1.165 g/ml, which 
probably represents lysosomal membranes, shows no s ign ificant a lka line  
RNase a c t iv ity  in the 'normal' disrupted spin (top, right Fig 3.20) but 
when a 6-fo ld  greater sample of l iv e r  is fractionated, a d is t in c t  peak 
appears in the membrane region (marked *  in Fig 3 .20 ). This a lkaline  
RNase pattern also para lle ls  the G-6-P'ase which is explained by the 
disruption process causing degranulating of the rough ER thus resulting in 
a d is tinc t peak of smooth ER. This s im ila r ity  would suggest that the 
alkaline RNase a c t iv ity  may also be attr ibu tab le  to an ER located enzyme. 
However, th is  conclusion is complicated by the fact that in these early  
studies, G-6-P'ase a c t iv ity  was not measured in the presence of ta r t ra te  
and thus the pattern of G-6-P'ase could be, in part, due to the non­
specific hydrolysis of G-6-P by the acid phosphatase. On balance, the 
evidence would favour that the a lkaline RNase a c t iv ity  is associated with 
lysosomes and lysosomal membranes.
No attempts were made during these studies to examine the pH optima 
of the lysosomal nucleases mainly because of the d i f f i c u l ty  in 
in terpreting the results when working with re la t iv e ly  impure fractions .  
Lysosomes prepared without the aid of EDTA are about 20-fo ld  purified  and 
thus, according to the assignment calculation [see Section a . i )  of th is  
chapter], contain 80% non-lysosomal protein. I t  was considered that such 
a large amount of contamination would produce misleading resu lts . Burge 
(1973) examined the pH curves of RNase in a lysosomal preparation which 
was about 15-fold purified and rather predictably observed two optima. 
In view of the heavy contamination, Burge was unable to a ttr ib u te  the
'a lk a lin e ' a c t iv i ty  ju st to lysosomes. I t  is unfortunate that pH curves 
of RNase in the highly purified lysosomes could not be examined because 
the material was used up for more pressing studies, such as raising  
antibodies, determining purifications etc. The pH curves were, however 
examined in three regions of the subfractionated microsomes. The middle 
curve (Region c, Fig 3.22) i l lu s tra te s  the problem, mentioned above, of 
in terpreting such data from samples which contain a heterogeneous mixture 
of subcellular structures with a broad pH optimum spread from 6 to 9. 
Region c taken from the experiment i l lu s tra ted  in Fig 3.21 shows a 
d is t in c t  acid RNase peak which is not evident as an acid pH optimum peak 
in Fig 3.22. Clearly the broad pH spread is due to overlapping ac tiv ites  
of acid, neutral and alka line  enzymes. Material pooled from the 
lysosomal region (density 1.20 g /m l), exhibits a typical bimodal pH curve 
indicating the presence of d is tinc t acid and alkaline enzymes.But in view 
of s ign ificant amounts of ER in region b. i t  again cannot be concluded 
that the a lkaline a c t iv ity  is due en tire ly  to a lysosomal enzyme.
Results presented in th is thesis are in agreement with the findings 
of Rahman et a l , (1967), Futai et a l , (1972) and Burge (1973) and suggest 
that l iv e r  lysosomes possess a lkaline RNase a c t iv ity  which is d is t in c t  
from the acid RNase. The conclusion that the lysosomal a lka line  enzyme 
is  not hepatic but originates from the pancreas (Bartholeyns et a l , (1975) 
cannot be challenged by the results of th is  study. In a recent survey of 
organ distributions of pancreatic-like RNases Weickmann and G l itz  (1982) 
concluded that the l iv e r  RNases are structura lly  unlike the pancreatic 
enzyme. This does not, however, contradict the findings of Bartholeyns
et al_ (1975) since the* lysosomal a lkaline a c t iv i ty  may be a small
proportion of the to ta l l iv e r  RNase a c t iv ity .
Another enzyme, which l ik e  a lka line  RNase, is not an acid hydrolase
but also appears to be associated with l iv e r  lysosomes, is L-Leucyl 3 - 
naphthylamidase (LNase). The distr ibution pattern of th is  enzyme follows 
the patterns of acid hydrolases in intact lysosomes (Fig 4 .1) and in
disrupted lysosomes (Fig 3.8) and thus confirms the presence of
ami nopeptidase a c t iv ity  in lysosomes as reported by Kaulen et a l , (1970) 
and Berzins et a l , (1977). Both of these groups have shown that the
lysosomal enzyme is quite d is tinc t from the plasma membrane enzyme. 
Comparison of 5 ' -nucleotidase and L-Leucyl-3-naphthyl amidase patterns in 
the fractionated lysosomes (see Figs 4 .1 ,  3 .3 , 3.8) c learly  shows that in 
a ll  cases the la t te r  enzyme is much closer to the profiles  of acid 
hydrolases than to 5 ‘ -nucleotidase thus confirming its  true lysosomal 
location. The lysosomal hydrolysis of amino acid arylamides is 
a ttr ibu tab le  to the many proteolytic  enzymes, probably mainly 
ami nopeptidases (Barrett and Heath, 1977). This a c t iv i ty ,  although 
not showing acid pH optima, is due to a typical lysosomal hydrolase 
and should not be considered as a ' lysosomal oddity ' .  As such L-Leucyl-
3-naphthylamidase may d i f fe r  in intralysosomal location s ig n if ic a n t ly
from the a lka line  RNase a c t iv i ty  which, being non la tent (Futai et a l , 
1972), is l ik e ly  to be membrane associated.
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4 .d  PROTEINS OF HEPATIC LYSOSOMES
The characterisation of lysosomal proteins, described below, was 
undertaken as a prelude to a study of the role of l iv e r  lysosomes in the 
degradation of serum proteins, the release of lysosomal material (in to  
serum and b i le )  and i ts  relationship to the proteins of other subcellular 
structures.
i )  Problems of protein characterisation
Results presented in Chapter 3, Section c indicated that SDS 
polyacrylamide electrophoresis resolved some 17 lysosomal membrane (LM) 
proteins and 16 lysosomal contents (LC) proteins. [NB In view of the 
apparently significant ER contamination (microsomal fraction has more than 
30 protein bands) in the purified lysosomes, i t  is somewhat surprising 
that the LM contains only 17 proteins]. By crossed immunoelectrophoresis, 
however, only 11 proteins were iden tif ied  in lysosomal m ateria l. The 
numbers iden tif ied  by the two methods cannot be d irec t ly  compared because 
the SDS system dissociates proteins (even subunits) completely whilst the 
Lubrol W/DOC mixture does not solubilise membrane proteins so e f f ic ie n t ly .  
I t  is thus not surprising that more proteins were resolved by 
polyacrylamide electrophoresis. The discrepancy could also be due to  
in e f f ic ie n t  antibody production resulting in some proteins not being 
detected by the immunoelectrophoresis. The number of proteins id en tif ie d  
by th is  technique (11) is somewhat lower than the 15 we previously repoted 
(Mullock et a l , 1979a) and the 17 proteins reported by Berzins et a l ,
1975). This difference is ascribable to proteins of very low m obility  
( in  the f i r s t  dimension) which are extremely d i f f i c u l t  to distinguish. 
I t  is worthwhile to note that the immunoelectrophoresis data re lates  
mainly to lysosomal contents because the production of the anti-lysosomal
membrane antibody was unsuccessful.
As discussed below, only a few of the proteins id en tif ie d  in 
lysosomal material are uniquely lysosomal. The low number is d i f f i c u l t  
to reconcile with some 100 or so lysosomal enzymes which have been 
id en t if ie d . Possible reasons for th is  discrepancy are
1) The enzymes, even i f  resolved, may be present in such low absolute
amounts that they are simply not detectable by the staining procedure.
2) I t  is possible that whole families of enzymes (eg a l l  glycosidases
which cleave the 31-4 linkage) may be structura lly  very s im ilar (same mol. 
wt. and antigenic ity) and may thus appear as a single protein band. 
Berzins et a l , (1975) have shown that in the LM fraction a number of
enzyme a c t iv it ie s  were detected histochemically in the same p rec ip itin  
l in e . However, the observation by these same authors that no less than 
11 prec ip itin  lines of the LM (reacted against anti-LM) stained fo r  acid 
phosphatase argues against the idea that a number of enzymes are 
immunologically related.
3) The to ta l number of enzymes iden tif ied  in the l i te ra tu re  as a c t iv i t ie s  
may be an overestimate in terms of protein numbers. For example, some of 
the proteases which are assayed with d iffe ren t synthetic substrates may 
suggest the presence of a number of d if fe ren t enzymes but the hydrolytic  
a c t iv i ty  in vivo may be accomplished by a single enzyme.
4) During isolation of lysosomes some enzymes may be digested by the 
proteases thus resulting in a smaller number of to ta l proteins. This is ,  
however, most unlikely since the membrane obviously remains in tac t and a 
very wide variety of enzyme a c t iv it ie s  remain detectable. I t  should also 
result in large amounts of low mol.wt. oligopeptides being visualised by 
SDS polyacrylamide electrophoresis but these are not seen.
i i ) P ro te in s  o f  lysosomes, o r g a n e l le s ,  serum and b i l e
1. Proteins unique to lysosomes. The results of SDS polyacrylamide 
electrophoresis indicate that ju s t 10 proteins (4 in LC, 3 in LM and 3 in 
both) appear to be solely lysosomal in location. However,
immunoelectrophoresis results suggest that only 2 proteins are unique to  
lysosomes. In view of the better s p ec if ic ity  of the la t t e r  method and
the re la t iv e ly  crude method of re lating bands in the SDS polyacrylamide 
gels by ' l in in g -u p 1, more reliance is put on the immunoelectrophoresis 
results. This surprisingly small number of lysosomal proeins might be
interpreted as indicating exchange of lysosomal proteins with those of 
related structures such as plasma membrane and ER but as w il l  be discussed 
below turns out not to be the case. The true id en tity  of the uniquely 
lysosomal proteins cannot be determined without further investigation.
2. Proteins common to lysosomes and serum. From the data presented 
in Tables 3 .2 , 3.3 and 3 .4 , SDS polyacrylamide electrophoresis shows 11 
and immunoelectrophoresis shows 5 proteins which are common to serum. 
E a rlie r  we had shown that these proteins were not newly synthesised 
secretory proteins from the ER, which is the major contaminant of purified  
lysosomes (Mullock et a l , 1979a). This large number of proteins which are 
common to serum and l iv e r  lysosomes, is consistent with the observations 
that many serum proteins are taken into lysosomes (Ashwell and Morel!, 
1974; Hoitzmann,1976; Tolleshaug et a l , 1977 e tc ) .  Close examination of 
Fig 3.14 indicates that serum albumin is a major component of LM. This, 
of course, is not too surprising since about 10% of serum albumin is
internalised into the l iv e r  each day (Waterlow et al_, 1978) and is
degraded in lysosomes. The re la t ive  lack of ER and cytosolic proteins 
(see below) which are common to lysosomal material also supports the 
conclusion that turnover of serum proteins is the main function of l iv e r
lysosomes. I t  is perhaps somewhat surprising that albumin shows up as a 
major protein of LM and a re la t iv e ly  minor component of LC. The most 
l ik e ly  explanation is that albumin remains attached to i ts  membrane 
receptor a f te r  transfer to the secondary lysosome and possibly during 
degradation.
I t  is important to note th a t, of these common proteins, only 2 or 
possibly 3 are exclusively common to lysosomes and serum. The majority  
of proteins are also common to e ither b i le ,  plasma membrane or ER. The 
multiple location of other proteins, whilst obviously re flec ting  exchange 
of membrane proteins during processes such as endocytosis, does make i t  
d i f f i c u l t  to assess the exact origin of a particu lar protein.
3. Proteins common to lysosomes and b i le .  Results of the SDS 
polyacrylamide electrophoresis show only 3-4 proteins which f a l l  into th is  
category. However, they are also common to serum and therefore, most 
l i k e ly ,  represent serum proteins which have been taken up into l iv e r  
lysosomes (possibly partly digested) and released into b i le .  Such a 
pathway is consistent both with the observations that between 1 and 5% of 
lysosomal enzymes is released in b i le  per day (Godfrey et a l , 1981) and 
with the observed uptake and release of the lysosomotropic Triton WR-1339 
in b ile  together with s lig h tly  elevated levels of some acid hydrolases (La 
Russo et a l , 1982).
Immunoelectrophoresis results, however, indicate that there may be 
' one or two proteins which are shared exclusively between lysosomes and 
b ile .  These would presumably represent proteins of lysosomal orig in  
which are only released in b i le .  Since there is no s ign ificant release 
of l iv e r  lysosomal enzymes into serum, the proteins which are common to 
lysosomes and b i le  may well turn out to be acid hydrolases. Since one or 
two proteins id en tif ied  as exclusive to lysosomes and b i le  do not cross 
react with the plasma membrane, they are presumably soluble lysosomal 
proteins (such as s-galactosidase) which are transported and exocytosed at 
the canalicular surface. The distinction between the exclusively  
lysosomal/bi 1 ia ry  proteins and those also common to the PM may well be 
explained by the lysosomal enzymes which are soluble being lysosomal and 
b i l ia ry  only while those which are membrane bound, such as acid 
phosphatase (Berzins et a l , 1975) are also associated with the PM. 
However, the data presented does not permit d e f in ite  conclusions about the 
id en tity  of these proteins.
4. Proteins common to lysosomes and plasma membranes Of the three  
proteins common to lysosomes and PM, two are also common to serum (one* is 
d e f in ite ly  albumin) and are therefore considered as being of serum orig in ,  
and not membrane derived. The one remaining protein is also common to 
'microsomes' but th is  is quite understandable since the microsomal 
fraction contains at least 20% of the l iv e r  PM. This low number of 
proteins id en tif ied  in lysosomes and PM is not consistent with concepts of 
extensive exchange of soluble markers (Schneider et a l , 1979) and membrane 
markers (M ulle r..et a l , 1980), which are endocytosed, appear in lysosomes 
and subsequently reappear at the cell surface.
Comparison of lysosomal membrane with plasma membrane proteins by 
SDS polyacrylamide electrophoresis (Burnside and Schneider, 1982) has
recently revealed that th e ir  protein compositions and enzyme a c t iv it ie s  
are quite d if fe re n t .  The labelling  kinetics (by 3H Fucose and 3H
Leucine) of the two membranes suggested that transfer of PM proteins to  
the LM is negligible and that LM proteins appear not to derive from the 
PM. Whilst the results of the present study are lim ited to
immunoelectrophoretic characterisation of LC proteins, they are supported 
by findings of Burnside and Schneider (1982) and thus suggest th a t , in 
spite of the expected active exchange of LM and PM proteins, re la t iv e ly  
l i t t l e  protein is transferred between.the two membranes.
5. Proteins common to lysosomes and ER Fractionation of
'microsomal' proteins by SDS polyacrylamide electrophoresis showed at
least 50 well resolved protein bands. This large number is consistent 
with the subcellular d iversity  of the microsomal frac tion , which contains 
rough and smooth ER, plasma membrane vesicles and membrane fragments of 
lysosomes, mitochondria and peroxisomes. Because of such a large number 
of protein bands in the 'microsomes', no comparison with lysosomal
proteins was attempted. I t  appeared as i f  every lysosomal serum and b i le  
protein coincided with at least one band in the microsomal frac t io n . The 
results of the crossed immunoelectrophoresis, however, indicate that very 
few (possibly ju s t 1) proteins are common to 'microsomes' and lysosomes. 
Previous work from our laboratory (Mullock et a l , 1979a) indicated that 
none of the major lysosomal proteins appeared to derive from the ER.
I t  would be interesting to examine i f  proteins of ER orig in  can be 
detected in lysosomes a fte r  starvation, or chemically induced 
autophagocytosis.
6. Proteins common to lysosomes and cytosol Only one or possibly 
two lysosomal. proteins appear to be derived from the cytosol. This
indicates that cytosolic proteins are not s ign if ican tly  degraded in
lysosomes and therefore argues against the observations of Brigelow et al 
(1981) that considerable amounts of cytosolic proteins may be degraded in 
th is  manner. The common protein(s) may represent in tra c e l lu la r
receptors, located on the cytosolic side of the lysosomal membrane and
th e ir  appropriate ligand (Schneider et a l , 1978). Because only normal, 
fed rats were examined, these results do not, however, rule out the 
autophagic route by which cytosolic proteins are under certain  
circumstances taken up and degraded in lysosomes (Mortimore and Ward, 
1981). I t  is interesting to speculate that the lysosomal membrane 
receptors proposed by Schneider et al (1978) may be involved in the d irect  
uptake of Percoll partic les into isolated lysosomes by the process
described as microautophagocytosis by Ahlberg et al (1982).
4.e CAUSES OF LYSOSOMAL HETEROGENEITY
Rate sedimentation of the rat l iv e r  'ML' fraction c learly  showed that 
lysosomes rich in acid phosphatase sedimented more slowly than lysosomes 
enriched in other lysosomal enzymes (see Figs 3.1 and 3 .2 ) .  S light  
differences were also noted between the distributions of the other 
lysosomal enzymes (g-galactosidase, Cathepsin D, acid RNase and the acid 
phosphodiesterase) but these were ins ign ificant when compared with 
differences between acid phosphatase and these enzymes. This association 
of acid phosphatase with smaller lysosomes has also been observed by
Rahman et al (1967), Beaufay (1969), Burge and Hinton (1971) and Futai et 
al (1972). Lysosomes rich in acid phosphatase were also shown to band at 
s lig h t ly  lower density than those containing other acid hydrolases (see 
Figs 3.3 and 3 .4 ) .  This property of acid phosphatase enriched lysosomes 
has been noted previously (Beaufay et a l , 1959 and 1964). The overall 
conclusion is therefore th a t, in rat l iv e r ,  lysosomes enriched in acid
phosphatase are smaller and less dense than lysosomes enriched in other 
enzymes. Whilst th is  may represent two d is tinc t populations as proposed 
by Davies (1975) i t  is more l ik e ly  to be due to variations in a continuous 
spectrum of lysosomal populations.
As discussed in detail in Section b. of this chapter, fractionation  
studies on p a r t ia l ly  disrupted lysosomes have demonstrated that acid 
phosphatase is c learly  associated with lysosomal membranes (see also 
chapter 3, Section b) whilst other acid hydrolases appear to be soluble 
enzymes contained within the lysosomes. These conclusions are supported 
by s im ilar observations on the membrane association of acid phosphatase 
(Sloat and Allen, 1969; Baccino et a l , 1971 and Berzins et a l , 1975). 
Examination of lysosomal enzyme d istr ibutions, especially acid 
phosphatase, in the subfractionated microsomes is particu la r ly  interesting  
since the microsomal pe lle t  contains most of the small lysosomes. The 
proportion of acid phosphatase present in the microsomal fraction is 
greater than that of the other acid hydrolases (Sellinger et a l , 1960). 
In the present work, a fte r  f lo ta t io n  of 'microsomes' (see Fig 3.7) acid 
phosphatase was found at the lysosomal density of 1.2 g/ml, together with 
a l l  the other acid hydrolases. Acid phosphatase was also found at 
density 1.16 g/ml which corresponds to the position of smooth membranes 
and the peak of acid phosphatase detected in disrupted lysosomes. 
A ctiv ity  of other acid hydrolases in th is  low density zone was neglig ib le  
thus confirming the presence of acid phosphatase rich membranes in th is  
region.
From the data presented, i t  is concluded that heterogeneity of l iv e r  
lysosomes, which is apparent when fractionating the l iv e r  homogenate, does 
not re f le c t  the separation of lysosomes from the d iffe ren t cell types of 
the l iv e r .  Characterisation of lysosomal enzyme content of hepatocytes 
and non-hepatocytes (Kupffer and endothelial ce lls )  indicates that 
hepatocyte lysosomes are re la t iv e ly  rich in proteases and lipases (Berg
and Boman, 1973, Van Berkel et a l , 1975, Knook and Sleyster, 1980). The
heterogeneities observed in fractionating l iv e r  lysosomes show up as 
differences between the d istr ibution of acid phosphatase and that of a l l  
the other acid hydrolases. No s ign ificant differences between the 
distributions of the two classes of enzymes, which are predominantly 
hepatocyte located (glycosidases) and mainly non-hepatocyte located 
(proteases and lipases), were observed. The heterogeneity which is
apparent in l iv e r  lysosomes is therefore due princ ipa lly  to the membrane
association of some of the acid phosphatase a c t iv ity .  This association 
can explain why lysosomes rich in acid phosphatase sediment more slowly 
and band at a s lig h tly  lower density than other lysosomes. Since smaller 
lysosomes have a re la t iv e ly  greater surface area than larger lysosomes, i t  
follows that they also have re la t iv e ly  more membrane. And since 
membranes are lig h te r  (1.16) than intact lysosomes (1.20) and also contain 
a high proportion of acid phosphatase i t  also follows that smaller, 
l ig h te r  lysosomes w ill  be re la t iv e ly  richer in acid phosphatase.
The differences in lysosomal size may also re fle c t  the 'age' of the 
lysosomes. The uptake of desialylated ceruloplasmin into the l iv e r  
lysosomes appears to involve small l ig h t lysosomes (Gregoriadis et a l , 
1970, Pertoft et aU  1978) which are s im ilar in d istr ibu tion  to acid 
phosphatase. With time the ceruloplasmin-containing lysosomes acquire a 
higher density, and presumably become larger. The re la t iv e  loss of acid 
phosphatase from larger, possibly older, lysosomes may be simply due to
the re la t iv e  loss of membrane but could in part also be due to th is  
enzyme's susceptib ility  to degradation by lysosomal proteases (Holtzmann,
1976).
The lysosomal populations of hepatocytes and non-hepatocytes were 
examined by subfractionation of the homogenised, isolated cell types, with 
p articu lar  reference to heterogeneity. Non-hepatocyte lysosomes, from 
the classical ' L' fraction , banded at the normal density of 1.205 g/ml 
(see Fig 3 .6 ) .  When, however, non-hepatocyte 'microsomes' were floated  
to equilibrium acid phosphatase was located at 1.135 g/ml (see Fig 3 .27 ).  
This strongly suggests that the lysosomal material at th is  density is due 
to lysosomal membrane fragments and not intact lysosomes banding at an odd 
density. The small lysosomes of the non-hepatocytes are therefore more 
f ra g ile  and from the low banding density, the lysosomal membrane would 
seem to contain a high proportion of l ip id .  The lack of soluble acid 
phosphatase in the sample regions of the isopycnic ' L' spin and the 
floated microsomes suggests that in non-hepatocytes v ir tu a l ly  a l l  the acid 
phosphatase is membrane bound. I t  is thus possible that the non- 
hepatocyte lysosomes may contribute s ig n if ic a n tly  to the membrane- 
associated acid phosphatase in l iv e r  fractionation studies.
Whilst the lysosomal heterogeneity noted during subfractionation of 
whole l iv e r  was explained as an 'accident' of the membrane association of 
acid phosphatase a c t iv ity  the fractionation studies on lysosomes from 
isolated hepatocytes and non-hepatocytes indicate that the heterogeneity 
could in part be due to d istinct lysosomal populations of the d i f fe re n t  
cell types. However, without fu rther, more d e fin it iv e  work i t  is not 
possible to elaborate on the causes of lysosomal heterogeneity observed 
during these studies.
A prerequisite to further studies on the lysosomes of the d iffe ren t  
cell types of the l iv e r  is not just to isolate the cells  but to iso late  
them on a s u ff ic ie n t ly  large scale to permit the subsequent fractionation.  
To achieve th is ,  new and better methods of isolating the l iv e r  cell types 
w il l  have to be developed.
4 . f  KIDNEY LYSOSOMES
i ) Separation Problems
" it  might be rewarding to undertake a more systematic search along the 
same lines as the early experiments of Straus (1956)". Thus Beaufay 
(1969) concludes his review on the isolation of kidney lysosomes. When 
the present study was in it ia te d  in 1977, spec if ica lly  to develop a
re lia b le  fractionation method for examining the whole range of kidney
lysosomes, i t  was indeed surprising to find that the work of Straus was 
s t i l l  the most systematic study of lysosomal populations. The in i t i a l  
aim, echoed in Beaufay's assessment, was therefore to develop a single 
step fractionation method to provide a complete 'p r o f i le '  of the lysosomal 
populations. This p ro fi le  of normal kidney lysosomes was to be the 
control fo r  subsequent comparisons with the d istributions of lysosomes
from experimentally manipulated or diseased kidneys.
The f i r s t  problem encountered was the choice of which classical 
subfraction represented the best starting material for examining a
representative kidney lysosome population. After some preliminary  
experiments on the proportions of acid hydrolase marker enzymes amongst 
the fractions prepared by d i f fe re n t ia l  pelleting (de Duve et a l , 1955) i t  
became clear that the 'ML' as recommended by Maunsbach (1966) was the most 
suitable frac tio n . This fraction is prepared by pe lle ting  the post
Nuclear Supernatant at 10,000g for 3 min. (The classical de Duve et al 
[1955] 'ML' is pelleted at 10,000g fo r  15 min). Thus the kidney 'ML', 
quite deliberately  chosen because the kidney contains larger lysosomes and 
mitochondria than the l iv e r ,  in terms of de Duve's classical fractions  
represents an *M1 (mitochondrial) fraction with the conventional 1L1 
(lysosomal) fraction pelleting with the "microsomal" frac tion . This 
kidney 'ML' was shown by Maunsbach (1966) and in our preliminary 
experiments (Andersen et a l , 1980) to contain an average of 41% of the 
to ta l homogenate acid hydrolase content and was thus chosen ( in  spite of 
being a short 'ML') as a f a i r ly  representative fraction . The proportions 
of acid hydrolases, other marker enzymes and protein are presented in 
Table 4.3 as % recoveries (yields) in the kidney cortical fractions.  
Confirmation that a significant proportion of the kidney cortical 
lysosomes are quite small is provided by the 20-25% recovery of acid 
hydrolases in the microsomal p e lle t .
Table  4 .3  Recovery ( y i e l d )  o f  enzymes and o th er  markers in  th e
c la s s ic a l  s u b c e l lu la r  f r a c t io n s  o f  th e  r a t  k id ney c o rte x
N ML MIC SUP TOTAL
Protein 13.2
+ 3.7(8)
23.6
+ 3.2(8)
17.3 
+ 6.3(8)
36.3 
+ 6 .9 (8 )
90.0 
+ 16.2(1)
Hydroxy proline 87.3(1) 10.6(1) 0 .9(1) 1 .1(1) 100(1)
Succinic
dehydrogenase
17.9
±  5.1(6)
64.4 
+ 8.5
12.7
+ 3.2(6)
<1% 98.7 
+ 7.6
Monoamine
oxidase
21.0(1) 42.5(1) 13.4(1) 1.5(1) 78.4(1)
Catalase 7.8
+ 4 .5(8)
16.1 
+ 6.8(8)
6.4
+ 1.7(8)
76.9 97.4 
+ 5.2(10)+ 14.0(9)
Glucose-6-
phosphatase
28.6 
+ 8.6(6)
18.9
+ 5 .9 (8 )
44.1
+ 9 .4 (8 )
4.3
+ 1 .7(8)
95.4 
+ 5.8
5 ' -nucleotidase 12.9
±  2.9(7)
17.1
+ 4 .8(8)
45.1
±  7.2(7)
6.3
+ 1.6(7)
91.7
+10.7(6)
Aik. phospho­
diesterase
16.4
+ 1 .7 (6 )
21.6 
+ 4.8
41.9 
+ 4.0
18.0 
+ 3.7
98.3 
+ 14.1
Acid phosphatase 11.0
+ 3.1(8)
35.3
+ 9 .2(8)
17.1
+ 3.7(8)
22.9
+ 4 .6 (8 )
92.7 
+ 11.3
Acid phospho­
diesterase
16.9
+ 3.4(11)
22.1
+ 4.1(11)
35.6
+ 5.7(13)
33.1
+1.3(6)
90.2
+11.2(10)
3-galactosidase 10.9
+3.8(8)
25.6
+ 3 .3(8)
8.2 
+ 2.1(8)
39.9
+ 5 .3 (8 )
90.9
+ 4 .9 (8 )
NAG 17.4
+ 3.5(8)
39.1
+ 9 .8(8)
23.9
+ 5.5(8)
9 ?
+*3 .5 (8 )
92.9
+12.5(8)
Cathepsin D 18.4
+ 3.2(10)
44 7
+ 3.5(10)
23.2
+ 4.8(10)
16.9
+ 4 .4 (7 )
91.0
+ 5 .5 (7 )
Acid RNase 19.2
+ 3.1(9)
43.6
+ 5.8(10)
9.8
+ 1.6(9)
26.3
+ 5 .2 (9 )
92.8
+11.3(9)
Lysozyme 15.0(1) 34.4(1) 29.5(1) 4 .7 (1 ) 84(8)
I 125 Counts
Recovery (y ie ld ) is  given as the mean + SD with the number of observations 
in parentheses. Fractions N (Nuclear), ML (Mitochondria/lysosomes), MIC 
(Microsomes) and SUP (Supernatant' or cytosol) were prepared as outlined in 
Chapter 2, Sections k i ) ,  k iv) and k v ).
Recoyery (yfeld) is the percentage of the total homogenate value
Table  4 .4  S p e c i f ic  a c t i v i t i e s  o f  marker enzymes in  th e  homogenate and
c la s s ic a l  f r a c t io n s  o f  th e  r a t  kidney c o rte x
Enzyme H N ML MIC SUP
Succinic
dehydrogenase
0.014 
+ 0.005(8)
0.019
+0.011(8)
0.042
+0.013(7)
0.011 
+ 0.006(8)
<0.0005
(7)
Monoamine
oxidase
0.216(1) 0.356(1) 0.393(1) 0.223(1) 0.009(1)
Catalase 1.15
+ 0.32(11)
0.66
+ 0.25(8)
0.77
+0.22(10)
0.45
+ 0.13(8)
2.8
+1.0(11)
Glucose-6-
phosphatase
0.0450
+0.014(8)
0.102 
+ 0.02(6)
0.036 
+ 0.011(8)
0.133 
+ 0.01(7)
0.0059 
+ 00.22(8)
5'-Nucleotidase 0.132 
+ 0.025(7)
0.116
+ 0.046(6)
0.073 
+ 0.025(7)
0.265 
+ 0.076(7)
0.026
+0.006(8)
Aik. phospho­
diesterase
0.0063 
+ 0.0023(6)
0.011
+ 0.005(6)
0.0058 
+ 0.003(6)
0.022
+0.0067(5)
0.0053
+0.003(6)
Acid phosphatase 0.058
+ 0 .0 17 (8 )
0.051 
+ 0.022(8)
0.083 
+ 0.026(8)
0.054 
+ 0.015(8)
0.037
+0.009(8)
Acid phospho­
diesterase
0.047
+0.0015(13)
0.0053 0.0049 
+0.0022(11 +0.0016(11)
0.0103 
+ 0.004(10)
0.0035
+0.0014(11
3 -galactosidase 0.018
+ 0.0036(8)
0.015
+ 0.0057(8
0.019 0.0089 
+ 0.0062(8) +0.0029(8)
0.020
+0.0055(8)
NAG 0.020 
+ 0.006(8)
0.022 
+ 0.007(8)
0.031 
+ 0.011(8)
0.028 
+ 0.011(8)
0.0047
+0.0015(8)
Cathepsi n D 0.0057 
+ 0.002(10)
0.007
+ 0.0013(7
0.0105 
+ 0.0025(10)
0.0077 
!+ 0.003(10)
0.0049
+0.003(8)
Acid RNase 0.135 0.142 0.196 0.069 0.098
+ 0.035(9) + 0.032(9) + 0.066(10) + 0.029(10) +0.025(9)
Specific a c t iv it ie s  are given as the mean SA + SD with the number 
observations in parentheses. SA for acid RNase is A260/min/mg protein  
and fo r Cathepsin D is A280/min/mg protein. Catalase is given as 
'units'/min/mg protein (see Leighton et a l , 1968). All other enzyme 
specific a c t iv it ie s  are iimol/min/mg protein.
As background to the fractionation of kidney cortical organelles i t  
is useful to re fe r  to the structure of the tubular cells  as shown in the 
electron micrograph in Fig 4.2 The i l lu s tra t io n  of only tubular cells  is 
quite deliberate since i t  appears that the kidney homogenate, prepared 
under the conditions described (Chapter 2, Section k ) ,  leaves a large 
proportion of the glomeruli quite in tac t. Phase contrast microscopy of 
the large particulates of the homogenate retained on the course f i l t e r  
shows many in tact glomeruli s t i l l  contained within the Bowmans capsule. 
Thus the cortical homogenate appears to be re la t iv e ly  enriched in tubular  
m aterial. The morphology of the typical tubular cells  (Fig 4.2) shows 
the prominent m icrovili of the brush border plasma membrane which are 
c learly  seen at the top of plate a). Just below the brush border are 
numerous endocytic vacuoles (also known as apical vacuoles) of d if fe r in g  
sizes and internal structure. The large dark structures represent the 
lysosomes (protein droplets -  secondary lysosomes unique to the kidney and 
involved in the catabolism of reabsorbed proteins). The variations in 
darkness (electron density) of some lysosomes is consistent with the 
observations of Neiss (1983) who concludes that l ig h t ,  intermediate and 
dark lysosomes of the proximal tubule are not discrete classes but 
represent a continuous spectrum of lysosomes of increasing density, which 
is most l ik e ly  an indication of protein content. Maunsbach (1969) has 
suggested that these variations have functional s ignificance. Fig 4.2  
also shows the large branched mitochondria, the heavily infolded baso- 
la te ra l (peritubular) plasma membrane and tubular basement membrane to 
which the baso-lateral PM seems to be attached.
From the approach adopted for studying the heterogeneity of l i v e r  
lysosomes (see Chapter 3, Section a. and this Chapter, Section e ) , i t  was 
clear that the best 's ta r t in g ' point fo r  kidney lysosome fractionation  
would be to separate the kidney 'ML' by rate zonal sedimentation. The
F ig  4 .2
EM morphology of kidney proximal tubule c e l ls .  Samples of kidney 
pieces were fixed, dehydrated, embedded and prepared-for viewing as 
described in Chapter'2,- Section e. They were observed and photographed 
using the P h illips  4000 electron tnicrosocope. Plate a) shows a typical 
proximal tubule region whilst plate b) has a s lig h t ly  d i f fe re n t  
orientation and is possibly from a d if fe re n t  region of the proximal 
tubule. Magnifications are: plate a) x 4080, plate b) x 2040.
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zonal approach offered two d is tinc t potential advantages : a) large
scale and hence the f a c i l i t y  of assaying many marker enzymes and obtaining 
many d istr ibution  p ro fi les , b) with the appropriate gradient the whole 
range of lysosomal populations (of the 'ML' fraction) could be separated 
in a single step. I n i t i a l l y  the 'ML' fraction of the kidney cortex was 
subfractionated on the HS-zonal rotor under the same gradient conditions 
(but a shorter time) as used for the fractionation of the l iv e r  'ML1 
[d e ta ils  in Chapter 2, Section k . iv ) ,  and i l lu s tra te d  in Fig 3 .1 ] .  Not 
surprisingly this did not give a good separation, with the most rapidly  
sedimenting band containing v ir tu a l ly  a l l  the organelles. As a t r i a l  
th is  experiment was useful in confirming that the kidney contains 
lysosomes which are larger and denser than mitochondria. Clearly what 
was wanted was not just a shorter sedimentation time but a much steeper 
gradient which would slow down the mitochondria and allow the large  
lysosomes to form a band against the cushion. This second attempt, with 
550ml of exponential sucrose gradient ranging from 0.5M to  1.7M and spun 
at 8,000 rev/min for lh gave such a good separation of a l l  the lysosomal 
populations that i t  has not required any modification fo r  the las t  4 
years. A minor problem encountered in the early experiments (Andersen et 
a l , 1980) was that the rapidly sedimenting band of large lysosomes often  
showed a very poor y ie ld . No explanation for th is  was available until 
the 'ML' from unperfused kidneys was subfractionated. The d is tr ib u tio n  
pattern, much l ik e  that i l lu s tra te d  in Fig 3 .23, showed a d is t in c t ,  sharp 
band which contained much higher amounts of protein and acid hydrolase 
than found in the same region of the early experiments when the kidneys 
were routinely perfused. Clearly the perfusion in some way (high 
pressure) reduced the proportion of large lysosomes in the kidney 
homogenate. Why th is  should occur is not c lear, p a r t ic u la r ly  since the 
perfusion had no apparent e ffect on other subcellular organelles. This 
e ffec t is d i f f i c u l t  to reconcile with the observations that the kidney
large lysosomes, once iso lated> are generally quite tough. I t  is 
possible that these lysosomes are stabilised by th e ir  removal ( iso la tion )  
from the c e l lu la r  m ill ieux . I f  this is indeed the case the 'suspension' 
of the c e l lu la r  processes, achieved by the iso la tion , may provide an 
excellent model fo r  studying the biochemical state of these lysosomes, 
under normal and various experimental conditions. The change in 
lysosomal p ro f i le  between normal and hypertensive kidneys may, for  
example, be very d is t in c t ,  very informative and possibly even of 
diagnostic significance.
The distributions of various marker enzymes, a f te r  the rate zonal 
sedimentation of the cortical ML fraction (Fig 3 .23 ), have been described 
in deta il in Chapter 3, Section e. In order to assess the contamination 
of the two major lysosomal populations by other organelles i t  is useful to  
recap on the d istr ibution  of subcellular components found in the fractions  
a fte r  the rate zonal spin. From the assay of marker enzyme a c t iv i ty ,  i t  
is evident that the major protein band, found in the middle part of the 
gradient in fractions 10-25 (see Fig 3.23 and 4.4) is composed mainly of 
mitochondria and brush border plasma membranes. This band also contains 
small lysosomes, peroxisomes and some endoplasmic reticulum but these 
components represent a minor contribution in terms of protein. To aid 
id e n tif ica t io n  of the subcellular structures in this rather heterogeneous 
mixture of organelles, the enzyme distributions were correlated with the 
morphological examination of the separated fractions. The particu la te  
material from two regions of the slow sedimenting band was collected : a) 
the major peak of mitochondria (fractions 13-18) and by the brush border 
region (fractions 18-23). The morphology of these two fractions is shown
in Fig 4.3 as plates a. and b. respectively. Both plates show some small 
electron dense structures which are most l ik e ly  small lysosomes. From 
the patterns of acid hydrolases these are known to be present in th is
whole broad band. Rather shrunk mitochondria are seen in both plates but 
those in plate b. are rather larger and fewer in number. The larger  
number of mitochondria in plate a ) is consistent with this being the major 
peak of succinic dehydrogenase. The second region (p late  b) taken as 
representative of brush border PM (peak at fraction No. 21) does indeed 
contain numerous large smooth membrane fragments. Some of these 
fragments, also seen in plate a ) ,  appear to contain other membranous 
elements within them and thus have the appearance of large swollen 
mitochondria. This possib ility  was investigated by assaying the 
distribution  of monoamine oxidase (MAO) - located in the intermembrane 
spaces of the mitochondria (Schnaitman and Greenwalt, 1968). The pattern 
of MAO shown in Fig 4.4 corresponds reasonably well with that of the 
normal mitochondria marker enzyme succinic dehydrogenase (located on the 
outer membrane). Although there is a d is tinc t shoulder of the MAO 
pattern in the region of the brush border, the pattern is too s im ilar to  
that of succinic dehydrogenase to suggest any s ign ificant contamination of 
the brush border region by mitochondrial fragments. On the basis of 
these observations i t  is concluded that the large membranous sacks seen in 
plates a. and b. are not swollen mitochondria but represent sheets of 
brush border encircling vesiculated m ic ro v il l i .  These structures are 
obviously produced by the homogenisation of the kidney cortex and
i l lu s t r a te  well the d i f f ic u l ty  in in terpreting the morphology of 
subcellular fractions.
The morphology of the rapidly sedimenting band of large lysosomes 
(fractions 28-33) is shown in plate c. of Fig 4 .3 . The predominant
structures are the large lysosomes, which appear very s im ilar  to those 
found in the tubular cells  (Fig 4 .2 ) .  From the absence of any marker 
enzymes, other than the acid hydrolases, from th is  band i t  is not
surprising that very few structures, other than lysosomes, are present.
However, morphology shows that small amounts of two d is t in c t  contaminants 
: sheets of smooth membranes and fragments of tubular basement membrane
Fig
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(BM). The large membrane sheets appear to be firm ly  attached to the
basement membrane and are therefore most l ik e ly  fragments of the
basolateral plasma membrane. Unfortunately the zonal fractions were not
+ +
assayed for any specific marker enzymes, such as Na + K ATPase 
(Sheikh et a l , 1982), which might have detected these membrane fragments 
amongst the large lysosomes. The d istribution  patterns of 5 ' -
nucleotidase and alkaline phosphodiesterase did not show any detectable 
a c t iv ity  to th is  region. To confirm the morphologically observed 
presence of basement membrane material in the large lysosome region, a 
biochemical marker, L-hydroxyproline, was assayed in a l l  the fraction  of 
the rate zonal spin. This amino acid is present in a high proportion in
collagen - the major constituent of basement membrane (Meezan et al_,
1975). Although i t  is not an ideal marker for BM because i ts  proportion 
in d if fe ren t proteins varies considerably, i t  is at present the only 
marker available. The distribution pattern L-hydroxyproline shown in Fig 
4 .4 , is roughly s im ilar to that of the protein trace indicating that i t  is  
indeed somewhat nonspecific as a marker. The shoulder at fractions 11-12 
is probably due to spurious errors in the assays which contain many steps 
of prec ip ita tion , digestion, washing etc. a l l  contributing to re la t iv e ly  
large errors. The main peak (fraction  17) coincides with that of protein  
whilst the peak in the Targe lysosomes is quite high and d is t in c t .  Since 
the overall pattern is sim ilar to protein, i t  has also been plotted (Fig  
4.4) as L-hydroxyproline/mg protein. The main feature of th is  's p e c if ic  
a c t iv i ty '  trace is the d is tinc t peak of L-hydroxyproline in the large  
lysosomal peak (fractions 30-32). Thjs trace shows some of the p i t f a l ls  
of graphically presenting distributions as specific a c t iv i t ie s  (Hinton and 
Dobrota, 1976). The apparent peak at fractions 11-12 is probably caused 
by the two rogue values in the L-hydroxyproline, but could also be due to  
slight errors in the protein values. The dip in 'spec ific  a c t iv i ty '  in  
the peak tube of large lysosomes (fraction  31) is probably caused by small 
disparities  between the L-hydroxyproline and protein values, s lig h t errors  
being, in e ffe c t ,  multiplied. The obvious peak of the 's p e c if ic
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Distributions of protein, L-Hydroxy proline and various marker enzymes 
after rate zonal sedimentation of the kidney cortical 'ML1 fraction.
The patterns shown are from the same experiment illustrated in Fig 3.23 
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a c t iv i ty '  in the lysosomal region indicates that th is  is the only region 
in which BM materials, enriched in L-hydroxyproline, are present. The 
question of whether L-hydroxyproline is a good BM marker can best be 
answered by examining the table of recoveries (Table 4 .3 ) .  Whilst the 
nuclear fraction contains 13.2% o f the tota l kidney cortex protein, i t  
also contains some 87.3% of the L-hydroxyproline. This fraction is taken 
as a good example because the large fragments of basement membrane pe lle t  
down in the nuclear fraction . The disparity  between protein and L- 
hydroxyproline distributions amongst the classical fractions indicates 
that L-hydroxyproline is a perfectly adequate marker fo r  BM in these types 
of studies. I t  is indeed gratify ing that a f te r  noting the presence of BM
q u a lita t iv e ly  by the morphological examination, i t  has been possible to
confirm its  presence in the large lysosome fractions by biochemical 
analysis.
i i ) Large lysosomes -  protein droplets
Data presented in Chapter 3, Section e. on the fractionation  of
kidney cortex lysosomes confirms the known characteristics of large  
lysosomes, the protein droplets, which are found mainly (but not 
exclusively) in the cells  of the proximal tubule. In s ize, as determined 
by the rate sedimentation spin, they are obviously larger than 
mitochondria and thus fa l l  into one category of kidney lysosomes described 
by Straus (1964a, 1964b), as being 3 -5 p in  diameter. Their size is also 
confirmed by morphological examination of the kidney cortex (Fig 4 .3) and 
of the subfractions in which they are enriched (Fig 4 .4 ) .  The other 
unique feature of these lysosomes is th e ir  unusually high banding density  
of about 1.235 g/ml (in  sucrose gradients). This b r ie f  summary of th e ir  
physical properties gives enough information to chart a unique position  
for large kideny lysosomes on the S-p diagram as shown in Fig 1.5 
(indicated as protein droplets). From th e ir  position, which is well
clear of other organelles in terms of density and sedimentation ra te ,  i t
is evident that these large lysosomes are indeed re la t iv e ly  easy to 
fractionate by centrifugal means.
According to much documented data, these large lysosomes are the 
organelles in which proteins, absorbed from the glomerular f i l t r a t e ,  are 
catabolised (see Table 1 .4 ) .  Most of the evidence derives from tracer  
studies in which IV injected, radiolabelled proteins of low molecular 
weight have been shown to be localised in these lysosomes by 
autoradiography at the EM level (Maunsbach, 1966). In order to confirm 
the id en tity  of these protein droplets fractionated during these studies, 
a s im ilar approach was adopted. Lysozyme, chosen because i t  is avidly
taken up by the tubular cells  (Christensen and Maunsbach, 1974), was 
labelled with 1125 and injected (IV) into rats 30 min before removing the 
kidneys and fractionating the 'ML' by rate zonal sedimentation. The 
p ro fi le  of 1125 lysozyme presented in Fig 3.23 shows a d is t in c t  peak 
coinciding with the acid hydrolase peak of the protein droplets (frac tio n  
31). The 1125 label was confirmed to be protein associated (and not due 
to released iodine) by recounting the acid insoluble material when an 
identical p ro fi le  was obtained. When the 1125 lysozyme-containing
protein droplet region was pooled and spun to equilibrium, the 1125 
p ro f i le  again coincided exactly with the peak of acid hydrolases at 
density 1.235 g/ml. Although i t  would have been better to confirm these 
protein uptake profiles  by using a wider range of low molecular weight 
proteins, i t  is f e l t  that the data obtained with 1125 lysozyme is 
s u ffic ien t to pinpoint the protein droplet location with reasonable 
certa in ty .
Although i t  was not sp ec if ica lly  intended in th is  study to achieve a 
high purif ication  of protein droplets, i t  is interesting to compare the 
purification  obtained in the rate zonal spin (tubes 28-32 Fig 3.22) with 
the values quoted by other authors (Table 4 .5 ) .  The average pu rif ica tion  
(RSA) of a l l  the acid hydrolases (assayed in many experiments) present in 
the protein droplet fraction is  41 + 17 (16), This represents quite a 
respectable purification and compares very favourably with the previously 
reported values (see Table 4 .5 ) .
Table 4.5 Purification of acid hydrolases in the isolated protein  
droplets (large lysosomes) of the rat kidney.
Ref. Purification (RSA)
1. Straus, 1956
2. Shibko and Tappel, 1965
3. Maunsbach, 1966
4. Goldstone and Koenig, 1972
5. Present study* 4 1 + 1 7
*  Protein droplets (large lysosomes) were prepared by pooling 
fractions 28-32 (see Fig 3.23) of the rate zonal spin. The value is  
the mean + SD of f ive  acid hydrolases assayed on each of 16 
experiments.
The morphology of the protein droplet peak (see plate c. Fig 4 .3)  
shows that the only v is ib le  impurities amongst the numerous electron dense 
protein droplets are pieces of tubular basement membrane (BM) and some 
membrane sheets which are-most l ik e ly  basolateral membrane fragments s t i l l
15
10-20
6-10
14-19
attached to the BM. The large SD is partly due to re la t iv e ly  large 
variations between the f iv e  acid hydrolases assayed, with acid RNase and 
Cathepsin D being above the mean, 3-galactosidase almost exactly 41 and 
NAG and acid phosphatase rather lower than the mean. The significance of 
these variations is unclear but i t  may re fle c t  catabolic capacity for the 
absorbed proteins and for endogenous proteins (by the autophagic route).  
Whilst the presence of f ive  hydrolases assayed indicates that protein, 
glycoprotein and nucleic acids are readily  hydrolysed in the protein  
droplets, i t  is unfortunate that no acid lipases were measured. Hence no 
conclusion can be drawn on the capacity of these lysosomes to break down 
l ip id ,  lipoprotein , phospholipid etc.
Although no specific studies on the comparative latency of the 
d iffe re n t lysosomal populations were carried out there is some evidence 
that the protein droplets are f a i r ly  f ra g i le .  The pooling and d ilu ting  
(equivalent to osmotic shock but not mechanical disruption) of the protein  
droplet region for the isopycnic spin probably resulted in some soluble
enzymes being released and therefore remaining in the sample band
(Fractions 1-10, Fig 3 .25). The differences in the re la t iv e  amounts of 
the acid hydrolases released indicated some d if fe re n t ia l  f r a g i l i t y  with $- 
galactosidase being the most readily  released enzyme. This is consistent 
with data obtained with l iv e r  acid hydrolases (Baccino et a l , 1971).
The isopycnic banding of protein droplets (following rate  
sedimentation spin) provides no s ign if ican tly  new information on the 
properties of protein droplets except to confirm th e ir  high banding
density (1.235 g/ml). One unexpected result of the isopycnic respin
(Fig. 3.25) was the distribution pattern of 5 ' -nucleotidase. F i r s t ly ,  
since th is enzyme is v ir tu a lly  undetectable in the protein droplet region 
of the rate zonal spin, i t  was rather surprising to obtain a s ig n if ican t
pattern in the isopycnic spins. This classic PM marker showed a peak at 
the typical smooth membrane density and one rather near to the lysosomal 
density of 1.235 g/ml. This second peak is most probably due to the 
basolateral membranes which remain attached to the tubular BM (see Fig 
4 .3 , plate c) and therefore sediment at the higher density.
i i i ) Small lysosomes
The small lysosomes of the kidney cortex are defined in th is  study as
a ll  the lysosomal populations except the protein droplets. This is
roughly equivalent to fractions F (0.5 -  1.5v ) and F (0.1 -  l.Oy )
2 3
described by Straus (1956).
The most notable feature of the broad band of slowly sedimenting 
lysosomes, fractionated by rate zonal sedimentation of the 'ML' fraction  
(Fig 3 .2 3 ) ,  is the heterogeneous distribution of acid hydrolases. 
Previous work on the latency of these organelles has shown them to be 
in tact lysosomes (Andersen et a l , 1980). The lysosomes at the front of 
the band (rapidly  sedimenting, around fraction 20) are re la t iv e ly  rich in 
acid glycosidases and acid phosphatase whilst the slower sedimenting ones 
are re la t iv e ly  richer in acid RNase and Cathepsin D. This heterogeneity 
is quite d if fe re n t from that of l iv e r  lysosomes in which acid RNase-rich 
lysosomes sediment faster than those containing acid phosphatase (Burge 
and Hinton, 1971). Although the broad band of small lysosomes is heavily  
contaminated with peroxisomes, mitochondria and brush border membranes, 
th e ir  distributions are quite d is t in c t  from the acid hydrolases. I t  is 
therefore unlikely  that these organelles in any way contribute to the 
heterogeneity of the small lysosomes. Work carried out in a
collaborative project in Bergen (and not i l lu s tra te d  here) has shown that  
renin is found as a f a i r ly  sharp peak among the rapidly sedimenting small
lysosomes. The distribution of renin in th is  region in fact appears to  
be very sim ilar to that of the brush border (5 ‘ -nucleotidase trace, Fig 
3 .23 ). However, renin is d e fin ite ly  not associated with the brush border 
since the two a c t iv it ie s  are well resolved when the region is subjected to 
an equilibrium spin. This results in a well defined renin peak at 
density 1.205 g/ml (and a small peak at 1.235) whilst the brush border is 
found at a typical smooth membrane density of about 1.16 g/ml.
The distribution of 1125 lysozyme indicates that the en tire  broad 
band of small lysosomes contains a high proportion of the endocytosed 
protein. In view of the morphologically established fa te  of absorbed 
proteins being the uptake into protein droplets (Maunsbach, 1966 and 1976) 
th is  high proportion of lysozyme in the small lysosomes was rather  
surprising. I t  was i n i t i a l l y  thought that much of th is  lysozyme was 
associated not just with small lysosomes but also with brush border 
membranes (during stages of binding) and endocytic vesic iles . However, 
the isopycnic spin of the whole region, following Cdl09 metallothionein  
administration (the 1125 lysozyme was shown in experiments conducted in 
Bergen to have the same distr ibution as m etallothionein), showed that the 
Cdl09 label was associated with the two d is tinc t peaks of acid hydrolases 
(see Fig 3.24) at banding densities of 1.205 and 1.235 g/ml. These two 
densities correspond exactly to those of 'normal' ( l i v e r ,  etc) lysosomes 
and protein droplets respectively. The three acid hydrolases i l lu s t ra te d  
in Fig 3.24 (acid phosphatase, 3-galactosidase and NAG) a l l  have v ir tu a l ly  
identical d istributions. The patterns of acid RNase and Cathepsin D (not 
assayed on the expepriment i l lu s tra te d  but available from experiments 
performed in Bergen) indicated a main peak at the higher density and 
re la t iv e ly  l i t t l e  a c t iv ity  at 1.205 g/ml. This suggests that the slowly 
sedimenting small lysosomes which are rich in acid RNase and Cathepsin D 
are also the lysosomes which band at the higher density -  s im ila r  to the
density of protein droplets. A number of experiments have indicated that 
acid phosphatase-containing ‘ normal density' lysosomes band at a s l ig h t ly  
lower density of 1.185 (see Fig 3.24) than the lysosomes containing 3-  
galactosidase and NAG. This discrepancy may re fle c t  the tendency of acid 
phosphatase to associate i t s e l f  with membrane fragments (Dobrota et a l , 
1979) or may possibly be due to the acid phosphatase-rich lysosomes of 
glomerular origin which may band at a l ig h te r  density (Le H ir et a l , 1979, 
Velosa et a l , 1981).
The work presented can o ffe r  no specific clues about the nature of 
two populations of small lysosomes which band at quite d if fe re n t  
densities. A number of a lternative  explanations are possible :
a) two populations are indeed present in vivo in the cortex, e ith er  in the 
same cell or in d ifferent ce lls ;
b) homogenisation disrupts the protein droplets to form small in tac t  
lysosomes of high density;
c) the l ig h t  small lysosomes do not exist in vivo but are remnants 
(ghosts) of protein droplets which have lost some of th e ir  protein;
d) new populations of lysosomes may be formed by the fusion or f iss ion of 
the isolated lysosomes, as has been observed with isolated l iv e r  lysosomes 
(Marzella et a l , 1980).
I t  is f e l t  that alternatives b) and c) are unlikely since disruption would 
leave smooth membrane ghosts which should be much l ig h te r  than 1.205 
g /m l . I t  is also unlikely that the protein droplets could be broken and 
reformed with suffic ient associated protein matrix to re ta in  th e ir  
re la t iv e ly  high density of 1.205 g/ml. For these reasons i t  is speculated 
that both types of small lysosomes are present in vivo in the renal 
cortica l ce lls .  However, our results showing the s im ila r i ty  of the acid 
RNase and Cathepsin D containing small lysosomes to the protein droplets  
do not, rule out the possib ility  that small lysosomes may form as a result
of breakage of the protein droplets.
An unusual feature of the small lysosomes is that re la t iv e ly  l i t t l e  
release of soluble protein or acid hydrolases occurs when the small 
lysosome band from the rate zonal spin is pooled, diluted and applied to
the isopycnic spin. This is c learly  demonstrated by the lack of protein
or lysosomal enzymes in the sample region of the equilibrium spin (tubes 
1-10, Fig 3 .2 4 ) . This suggests that the small lysosomes are rather 
tougher than the protein droplets.
Another aspect of the small lysosome populations concerns th e ir  
possible association with rough ER vesicles as noted by Goldstone et al 
(1973). These authors concluded that a subfraction of kidney
'microsomes1, enriched in acid hydrolases and glucose-6-P'ase, contained 
organelles which are precursor vesicles to protein droplets. 
Morphologically they appeared as rough ER vesicles with electron dense
in terio rs  which cytochemically give a positive reaction for acid
phosphatase. They did not, however, stain for glucose-6-P'ase. These 
structures also formed a pelle t in 1.6M sucrose (>1.2 g/ml) which suggests 
that th e ir  banding density is considerably greater than 1.2 ( i . e .  possibly 
1.235). The results of subfractionating small lysosomes, from the kidney 
'ML' and microsomal fractions suggest in the present study that acid
hydrolases are associated with lysosomal structures and thus disagree with
the suggestions o f  Goldstone et al (1973) that specific rough ER vesicles  
are also involved. I f  the small lysosomes (originating from the 'ML') 
were indeed 1 ER1 associated, i t  would be expected that the d istr ibutions  
of acid hydrolases and glucose-6-P'ase, in the equilibrium spin (Fig 3.24)
would be the same. Whilst being s im ila r , they are certa in ly  not the
same, with the mean of the rather broad G-6-P'ase peak being at density 
1.21 whilst the acid hydrolases have well defined peaks at 1.235 and 1.205
g/ml. Lysosomes and ER thus appear to have d is tinc t d istr ibutions. A 
more s ignificant discrepancy occurs when comparing the Goldstone et al 
(1973) results with the distributions of lyssomal and ER marker enzymes in 
the subfractionated 'microsomes' (Fig 3 .26 ). The peak indicated as a.
represents the position of the applied sample but i t  is also the density 
of 1.235 at which the dense vesicles, described by Goldstone's work should 
be present. From the G-6-P'ase pattern, i t  is obvious th a t, not only is 
no ER present in that region, but also no acid hydrolases, other than NAG 
(see below) are present at th is  density. Indeed th is  region contains
only NAG and RNA. Morphological examination of that region shows i t  to 
contain no membranous organelles (such as found by Goldstone et al [1973] 
in th e ir  p e lle t)  and only free ribosomes. The suggestion by Price and 
Dance (1967) that microsomal NAG is associated with ribosomes is confirmed 
by the very s im ilar patterns of NAG and RNA shown in Fig 3.26.
Under the experimental conditions carried out in th is  study the 
specific rough ER-associated acid hydrolases described by Goldstone et al 
(1973) could not be found. I t  is important to note that th e ir  
conclusions were based on the morphology and enzyme content of a p e lle t  
deriving from the microsomal fraction whereas the small lysosomes in the 
present study were fractionated by three d if fe ren t gradient centrifugation  
methods. Whilst pelleted m ateria l, once resuspended, can provide very 
lim ited information on the individual components present, the discrete  
distributions patterns (of marker enzymes) obtained from gradient 
fractionations provide a great deal more information about the composition 
of the sample. The approach chosen by Goldstone et al (1973) i l lu s tra te s  
the typical p i t fa l l  of conventional fractionation strategy based on 
d if fe re n t ia l  pelle ting. For example, from the observation that th e ir  
p e lle t  contains a 6 /7 -fo ld  purif ication  o f 'ac id  hydrolases and glucose-6- 
P'ase, they conclude that specific acid hydrolase containing rough ER
vesicles are present. They, however, do not consider th a t , in the same 
p e lle t ,  rough ER vesicles and small lysosomes could possibly both have 
been purified 6 /7 -fo ld .
The subfractionation of 'microsomes' by the isopycnic f lo ta t io n
method has highlighted an even greater heterogeneity of acid hydrolases 
among the 'microsomal' lysosomes than was observed in the lysosomes of the 
'ML' fraction . F i rs t ly ,  the peak of acid hydrolases marked b. in Fig 
3.26 is composed of intact lysosomes which exhibit typical latency when 
assayed for free and total acid hydrolase (results of experiments done in 
Bergen and not i l lu s tra te d  here). These intact small lysosomes do not 
form two bands, as is the case with the small lysosomes from the 'ML' 
fraction . This might be due to selective destruction since the 
microsomal pe lle t has to be homogenised fa i r ly  vigorously to resuspend i t  
but the d is tinc t lack of acid hydrolases in the soluble region (sample 
region marked a. in Fig 3.26) does not bear th is out. The heterogeneity 
is most marked when comparing the patterns of the three acid hydrolase 
enzymes which are quite d iffe rent from one another. The sharp peak of 
NAG (peak a) may represent a particu lar form of the enzyme which is 
specifica lly  associated with ribosomes or a soluble form which has been
non-specifically adsorbed. I t  is unfortunate that no results are 
available on the distributions of other acid hydrolases.
iv) Conclusions and future prospects
The rate sedimentation spin gives an excellent p ro f i le  of lysosomal 
populations which has been u ti l is e d  to very good e ffec t to study the 
kinetics and intraorganelle movement of Cd-metallothionein (Dobrota et a l , 
1981). I t  has also revealed dramatic changes in the lysosomal
populations of nephritic and hypertensive rat kidneys (unpublished results
of Andersen and Haga, University of Bergen).
The work has not contributed s ign if ican tly  to the characterisation of 
protein droplets but the p ro fi le  approach combined with isopycnic respins 
of specific regions is most informative about the relationship of the
protein droplets to small lysosomes.
\
The work has indicated that small lysosomes of the kidney cortex are 
extremely heterogeneous and are associated with the physiologically  
important renin granules. This area w ill  need a great deal more work to 
establish the exact nature, orig in , composition etc. of the small, less 
dense kidney lysosomes.
Much work should be directed at one fundamental question. 
Morphologists have indicated that lysosomes of d iffe r in g  electron density 
represent a continuing spectrum and do not re flec t functional differences  
(Neiss, 1983). However, fractionation reveals that the lysosomes f a l l  
into two d is tinc t classes, banding at densities 1.205 and 1.235 g/ml. 
These densities represent most s ign ificant differences in protein  
compositions and thus imply some functional differences. What are these 
differences?
Why are the protein droplets sensitive to perfusion (therefore  
probably to blood flow and blood pressure) and to the nutritional status 
of the animal ?
I t  may not be possible to unravel some of the problems of  
heterogeneity without recourse to fractionating lysosomes from isolated  
glomeruli and tubules.
4 .g  5UBFRACTI0NATI0N OF LIVER 'MICROSOMES'
Previous studies had indicated that plasma membrane vesicles in the 
microsomal fraction exhibited non-uniform distributions of PM marker 
enzymes and insulin binding sites (Evans, 1970; Thines-Sempoux, 1973; 
Evans et a l , 1973). The method of Touster et al (1970) fo r  isolating  
microsomal PM vesicles yielded vesicles which were not representative of 
a l l  the plasma membrane fragments. With this particu lar l im ita t io n  in 
mind, we set out to develop a method spec if ica lly  to examine the 
heterogeneity of microsomal plasma membrane vesicles. The approach 
adopted [see Chapter 2, Section k .v . ) ]  was to resuspend the microsomal 
p e lle t  in 2M sucrose, layer th is under a l inear  gradient (0.6-2M sucrose) 
and f lo a t  i t  to equilibrium in a B-14 zonal rotor (Norris et a l , 1974). 
With such a fractionation we demonstrated that 5 ' -nucleotidase, the most 
commonly used PM marker, was located mainly at a density of about 1.14 
g/ml whilst other PM markers, such as a lkaline p-nitrophenyl phosphatase, 
alkaline phosphodiesterase, L-leucyl B-naphthylamidase, ADP'ase and 
UDP'ase, a l l  banded at about 1.165 g/ml (Fig 3 .27). The results of many 
experiments showed that th is  difference was consistent.
At f i r s t  i t  was thought that the difference between the d istr ibutions  
of 5 ' -nucleotidase and other PM enzymes could be due to a homogenisation 
a rte fac t. In order to resuspend the rather tough microsomal p e lle t  in 2M 
sucrose, i t  was necessary to rehomogenise i t  with a few strokes of the 
Potter-type homogeniser (rotating at 2,400 rev/min). Thines-Sempoux 
(1973) had demonstrated that rehomogenisation of the large PM sheets by 
Ultraturrax treatment caused a decrease in the banding density of 5 ' -  
nucleotidase but not the other PM markers. To check this p o s s ib il i ty  the 
microsomal pe lle t was resuspended gently (not homogenised) and 
fractionated by f lo ta t io n  and sedimentation. In both cases the
difference was maintained, indicating that the heterogeneous d istr ibution  
of 5 ' -nucleotidase was real and remained unexplained.
Might the microsomal PM heterogeneity be due to differences between 
d iffe ren t regions of the hepatocyte membrane or could i t  be due to  PM from 
the d iffe ren t cell types of the l ive r?  From e a r l ie r  data (Hinton et a l , 
1970) i t  was known that the PM, recovered in the nuclear fraction  as large 
sheets, derived mainly from the b ile  canalicular surface. Wisher and 
Evans (1975) demonstrated that in l iv e r  and in isolated hepatocytes i t  was 
the sinusoidal surface of hepatocytes which was recovered in the 
microsomal fraction . Other than hinting that parts of the sinusoidal PM 
were particu larly  enriched in 5 ' -nucleotidase and were less dense than 
other regions of the PM, these observations s t i l l  could not explain the 
differences between the distributions of 5 ' -nucleotidase and other PM 
markers. The link between sinusoidal PM and 'microsomes1 was also 
confirmed by the use of an intravenously injected fluorescence marker 
(SITS, 4-acetamido-4'-isothiocyanostilbene-2,2'-disulphonic acid) which 
binds covalently to c e llu la r  membranes without penetrating into the ce lls .  
Subfractionation of 'microsomes', following the SITS treatment indicated  
tha t the fluorescence was associated with the low density peak of 5 ' -  
nucleotidase (Dobrota et a l , 1976). Fluorescence microscopy showed 
clearly  that the l iv e r  sinusoids were labelled with the SITS dye. The 
dye had stained not just the sinusoidal surface of the hepatocyte but also 
the surfaces of a ll  the sinusoidal ce lls . This posed the obvious 
question -  does the microsomal PM therefore contain much of the non- 
hepatocyte PM.
Examination of the l iv e r  sinusoidal structure (see Fig 1.4) shows
that the sinusoidal lin ing ce lls  (endothelial and Kupffer) with th e ir  very
large surface areas are l ik e ly  to contribute s ign if icantly  to the to ta l  
sinusoidal plasma membrane. Assuming that only the sinusoidal surface of 
the hepatocyte forms vesicles, i t  is estimated that up to 50% of the
microsomal PM may derive from the non-hepatocytes. Comparison of marker 
enzyme a c t iv i t ie s  in the homogenates of isolated hepatocytes and non-
hepatocytes (see Table 3.9) indicates that the specific a c t iv i ty  of 5 ' -
nucleotidase in non-hepatocytes is considerably higher than in the
hepatocytes. When the microsomal fraction from non-hepatocytes was
subfractionated by equilibrium f lo ta t io n , 5'-nucleotidase was found as a 
f a i r ly  well defined peak at density 1.135 g/ml (see Fig 3 .2 8 ). The
distr ibution  patterns of hepatocyte microsomes are very s im ilar to the
pattern of whole - l iv e r -  except that 5 ' -nucleotidase and a lka line  
phosphodiesterase are found at the same density of 1.145 g/ml. This
result would suggest that the sinusoidal PM of the hepatocyte is less
dense than the sheet PM of the b ile  canalicular surface. The important 
factor in explaining the heterogeneity observed in whole l iv e r  is not ju st  
the banding density of the non-hepatocyte 5'-nucleotidase but the absolute 
a c t iv i ty .  Whilst hepatocytes have a lower specific a c t iv i ty  of 5 ' -
nucleotidase than in whole l iv e r ,  the a c t iv ity  in non-hepatocytes is some 
2.5 -fo ld  greater. The 5‘ -nucleotidase rich PM vesicles of the non- 
hepatocytes thus have a much higher a c t iv ity  of this enzyme and w ill  
therefore contribute a s ignificant proportion of the a c t iv ity  to to ta l  
l iv e r  a c t iv i ty .  The total a c t iv ity  and hence d istr ibution  of a lkaline  
phosphodiesterase, on the other hand, w ill not be influenced by the non- 
hepatocyte enzyme since this is not enriched re la tive  to hepatocytes or 
whole l iv e r  (see Table 3 .9 ) .
The overall conclusion is therefore that the differences between the 
distributions of 5 ' -nucleotidase and other plasma membrane markers in the 
subfractionated l iv e r  microsomes are mainly due to 5 ‘ -nucleotidase-rich PM 
vesicles of low density, deriving from non-hepatocytes. I t  is most 
l ik e ly  that these vesicles derive from the endothelial c e l ls ,  because they 
are the second most abundant cell type of the l iv e r  and being the 
sinusoidal lin ing cells contain a lo t of plasma membrane. Their plasma 
membrane is also extensively fenestrated and is therefore more l ik e ly  to  
form vesicles during homogenisation. Endothelial cells  have also been 
implicated in l ip id  and lipoprotein uptake and degradation (Knook and 
Sleyster, 1980). This may indicate that th e ir  PM is also re la t iv e ly  
l ip id  rich and thus explains the low density of the 5 '-nucleotidase-rich  
PM vesicles. I t  is however a mystery why the plasma membrane of these 
cells  should be so enriched in 5 ‘ -nucleotidase.
Another conclusion of these studies is that 5 ' -nucleotidase, because 
of i ts  heterogeneous d is tr ib u tio n , should not be used as the sole marker 
enzyme for microsomal PM.
4 .h  HEPATOCYTES AND NON-HEPATOCYTES
The main aim of isolating the major l iv e r  cell types was to  
subfractionate the 'microsomes' and examine the d istributions of some 
important marker enzymes amongst hepatocytes and non-hepatocytes. The 
objectives were thus quite d iffe ren t to those required for long term 
culturing of isolated ce lls . What was needed was to isolate  ce lls  on a 
large scale as rapidly as possible, homogenise them and proceed with the 
fractionation exactly as for whole l iv e r .
Results presented in Table 3.5 showed that cells  isolated from 6-8 
rat l ivers  by a combination of selective enzyme digestion and d i f fe re n t ia l  
pelleting [procedure described in Chapter 2, Section j . i i ) ] ,  yielded  
heptocytes which were s ligh tly  contaminated (by non-hepatocytes) and non- 
hepatocytes which were contaminated with s ig n i f ic a n t  numbers of l iv e  and 
cremated red cells  and also some free nuclei. Both preparations showed 
about 80-90% v ia b i l i t y .  These preparations were considered su it iab le  for  
further fractionation studies mainly because the method could not be 
improved without sacrificing scale or speed. The hepatocytes, being 
isolated early on in the procedure, were reasonably fresh when 
homogenised. The non-hepatocytes, which take longer to iso la te  because 
of a second enzyme digestion step, probably contained Kupffer ce lls  which 
had 'ingested' much of the cell debris and were hence not quite  
representative ' in vivo1 c e lls . Because of th e ir  stong phagocytic 
a c t iv i ty ,  th is particular problem equally plagues a ll  the methods for  
fractionating Kupffer and other non-hepatocyte c e lls .
The condition of the two isolated cell preparations could only be 
assessed microscopically as v ia b i l i ty  and re la t iv e  contamination, at the 
start of the lengthy fractionation procedure. When assaying marker
enzymes in the homogenates, i t  was gratify ing to find that differences in 
a c t iv i t ie s  (shown in Table 3.9) agreed well with the results of Van Berkel
(1979) who also noted that succinic dehydrogenase and glucose-6- 
phosphatase in non-hepatocytes were extremely low. From such results Van 
Berkel (1979) speculates that non-hepatocytes derive most of th e ir  energy 
from glycolysis. The lack of glucose-6-phosphatase may indicate th a t ,  
unlike hepatocytes, the non-hepatocytes cannot regulate glucose
homeostasis (Crisp and Pogson, 1972). The 2 .5 -fo ld  higher a c t iv i ty  of 
5'-nucleotidase in non-hepatocytes is consistent with the observations of 
Wincek et al (1975) who showed th is  enzyme to be 3-fold more active in 
non-hepatocytes than in hepatocytes. I t  is ,  however, unclear why acid 
phosphatase of non-hepatocytes was only 50% higher than in hepatocytes 
when other workers have shown that non-hepatocytes contained between 2 .5 -  
fold (Van Berkel et a l , 1975) and nearly 5-fold (Knook and Sleyster, 1980) 
higher a c t iv ity .  In the present study, the a c t iv it ie s  of acid
phosphatase in both cell preparations were in fact lower than the average 
value for Tiver (Table 3 .9 ) .  This c learly  i l lu s tra te s  the need for
assaying more than one lysosomal marker enzyme.
' j  ■
Enzyme distributions amongst the d iffe ren t cell types of the l iv e r  
have a ll  concentrated on measuring a c t iv it ie s  in the care fu lly  isolated
c e lls . However, there have been no attempts to subfractionate the 
c e llu la r  components of these isolated cell types. As already discussed 
(see previous section g) the observation that 5 ' -nucleotidase is not an
ideal PM marker for studying 'microsomal' PM vesicles from whole l i v e r
could only be explained by the subfractionation of 'microsomes' from 
hepatocytes and non-hepatocytes. I t  is thus f e l t  that measurement of
acid hydrolase a c t iv it ie s  in the hepatocyte and non-hepatocyte homogenates 
w ill  not provide much information about the physical and chemical 
properties of the lysosomes of these d if fe re n t cell types. This can only
be achieved by s u b fra c t io n a t in g  lysosomes from th e  is o la te d  c e l l  ty p e s .
Further work in this area should also concentrate on re-examining 
the sub-cellular distributions of the major organelles in isolated  
preparations of individual cell types. Ideally  the non-hepatocytes 
should be further fractionated into Kupffer and endothelial c e lls .  This 
at present can only be achieved by centrifugal e lu tr ia t io n  (Knook and 
Sleyster, 1980) which unfortunately does not permit large scale cell 
iso la tion . I t  is ,  however, understood that larger scale e lu tr ia t io n  
techniques are being developed. Whilst the d if fe re n t ia l  pe lle ting  method 
of separating hepatocytes and non-hepatocytes, employed in th is  study, has 
served to i l lu s tra te  the 'microsomal' PM heterogeneity, i t  has l e f t  the 
question of ' is  i t  due to endothelial ce lls  or Kupffer c e l ls '  unanswered 
since these cells could not be resolved. I f  at a ll possible future  
subfractionation studies should be done on the individual cell types of 
the l iv e r .
4
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